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PREFACE
liThe laser is one of those very few devices which can radically alter
the notion of what vie might do in space and how ~/e might do it." So wrote
Jerry Mullin, !Jnti'! 1984, Head of Space Pov/er and Electric Propulsion in
OAST. The blackbody laser is a special type of laser uniquely suited for
space because it is capable of using the total solar spectrum and can
operate in both sunlight and in the Earth's shadow with the aid of thermal
storage. Thi s report summari zes a workshop ent it1ed "Lasant ;.1ateri a1s for
Blackbody Pumped Lasers," held at Langley Research Center on August 1-2,
1985.
The purpose of this workshop was to stimulate fundaloental nCH ideas in
the area of blackbody lasers. The emphasis was placed on new lasants and
transfer gases and not on laser systems. All the lasants for blackbody
lasers were originally suggested in the 1970's and vlark over the past
3 years has enabled us to define how they operate, their pootential, and
their limitations. The purpose of this workshop was to stimulate a wide
range of new ideas and intellectual activity. Thus, the underlying concept
of this workshop was that intellectual activity can be translated into
technical progress.
Several elements in this report are different from the way they were
actually presented at the workshop. Two papers by Leon Arriola and John
Wilson were not presented at the workshop since they did not fit in the
time available. In addition, several molecules to be considered as lasants
or transfer gases were suggested after the workshop. Also a list of
i
vibrational energies for various covalent molecular bonds have been
included in the text by Kwan-Yu Chen. Finally, the summaries by the two
workshop discussion leaders have been reformulated to provide more
evaluation of the concepts than was possible at the workshop. With the
exception of these changes, the content of this report was meant to be
identical to the workshop itself.
Edmund J. Conway
Head, Space Technology Branch
Space Systems Division
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ABSTRACT
Blackbody-pumped solar lasers have been proposed to convert sunlight
into laser power to provide future space power and propulsion needs. There
are two cl asses of bl ackbody-purnped 1asers. The di rect cavity-pumped
system in v/hich the lasant molecule is vibrationally excited by the
absorption of blackbody radiation and laser, all within the blackbody
cavity. The other system is the transfer blackbody-pumped laser in v/hich
an absorbing molecule is first excited within the blackbody cavity, then
transferred into a laser cavity Hhen an appropriate lasant molecule is
mixed. Collisional transfer of vibrational excitation from the absorbing
to the lasing molecule results in laser emission. A workshop was held at
NASA Langley Research Center on August 1 and 2, 1985, to investigate nevI
lasant materials for both of these blackbody systems. Emphasis was placed
on the physics of molecular systems which \'Iou1d be appropriate for
blackbody-pumped lasers •
v
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Introduction to the Workshop on Lasant Materials
for Blackbody Pumped Lasers
by E. J. Conway
Space Technology Branch
The purpose of this workshop was to define new lasants and transfer
gases for blackbody pumped lasers. Our goal was to find gases with the
correct energies and lifetimes for use as lasants and/or transfer gases.
The more immediate goal of the participants was to suggest molecules,
currently available, (or to be synthesized) which either satisfy criteria
~~hich we develop in this workshop or which deserve further study because
frOlfl limited information they seem to satisfy the criteria. Thus, the
workshop was interested in the identification of molecules and the rational
for suggesting them.
The workshop was structured in a very simple "lay. There Here t",o
bas i c ki nds of bl ackbody 1asers to be di scussed, the cavity 1aser and the
transfer laser. We focused on the cavity laser first because it 'I,as the
simplest in the sense of molecular-level concepts. We addressed the
physics of optical absorption and laser emission. Then, later in the day,
after a demonstration of a transfer laser, we discussed the physics of the
transfer laser. Here, 'lIe added molecular energy transfer from one molecule
to another to the concepts already involved in the cavity laser. We talkeq
about the physics of the transfer gas and the transfer-lasant gas
combinations. I\lext there were two parallel workshop sessions, one on
cavity lasants and the other on transfer-lasant gas combinations. Finally,
there were reports on the workshops by the two session discussion leaders.
2liThe Program" or "Sol ar-Pumped Lasers for Space Power Transmission,"
which is really a better name, includes lasers- of two different types,
direct solar-pumped lasers and indirect solar-pumped lasers, also known as
blackbody lasers (fig. 1.1). Let me discuss first the direct solar-pumped
lasers. Much of the program has focused on photodissociation lasers.
Three lasants, which have been shown to lase photodissociatively, are
listed in figure 1.1, C3F1 I, C4 Fg I, and IBr. A second general type of
direct solar-pumped laser works on the photoexcitation principle without
photodissociation. Examples of these include solar-pumped lasing using
neodymium ions either in a liquid or solid host, dye lasers, and molecular
vapor lasers. We are currently interested in several general types of
molecular vapor lasers includiny those based on metals, on nonmetallic
elements, and on compounds.
Indirect solar-pumped lasers are often called blackbody lasers. The
concept is that the total sun solar spectrum will be captured and changed
into heat. A hiyh temperature cavity will be created and thermal radiation
from the blackbody cavity will be used as the pumping radiation for the
lasers. The first laser to be considered here is the cavity laser. In a
cavity laser, the laser cavity passes through the blackbody cavity. Thus
the lasant is within a blackbody cavity and subject directly to the thermal
radiation pumping. Figure 1.1 shows two examples of lasants which have
lased in a cavity with blackbody pumping, C02 and N20.
Another type of blackbody laser is the transfer laser. In this case,
two gases are involved. The first of these, the transfer gas, flows
through the blackbody cavity and becomes vibrationally excited by the
•
3blackbody radiation. Then the transfer gas is mixed with the lasant.
Energy transfer occurs and the lasant emits radiation in the laser cavity.
Two transfer-gas/lasant couples which have lased so far include N2/C02 and
CO/C02.
Lets consider the systems-level advantages of blackbody lasers. In
space, with appropriate thermal energy storage, blackbody lasers could
..
operate in the Earth's shadow. This is an exceptional advantage for them,
because, in contrast, direct solar-pumped lasers do not work \'lhen not
di rectly bei n9 excited by the sun. Thus one bl ackbody pumped 1aser can
operate throughout an entire orbit in space. The second advantage of a
blackbody pumped laser is that it really does not depend on the source or
spectrum of the incident light, only on the total quantity of energy which
is degraded into thermal energy. Thus, operation of a blackbody laser is
possible not only with solar energy, but also from chemical energy,
electrial energy, or nuclear thermal energy. Thus, blackbody lasers are
insensitive to the primary energy source. Third, because in space a
blackbody laser could use the entire solar spectrum, it offers sOlne
potential for minimizing the concentrator size associated with large
solar-pumped lasers. Fourth, since a blackbody laser is not strongly
sensitive to the spectrum of the incident energy this type of laser can
..
operate on the ground or in space. Thus, blackbody-pumped lasers have
several broad system advantages over some of their more dramatic cousins,
the photodissociation and photoexcitation lasers.
It is appropriate to briefly review the history of blackbody lasers.
The anticedent of the current cavity laser can well be said to have been an
4experiment in which the radiant energy from an external flame was used to
pump CO2 laser in a nearby tube. This occured about 1970. In the latter
1970's, a blackbody laser trade study was performed by Mathematical Science
Northwest v/hich described the cavity laser and considered some of its
advantages and disadvantages. In 1981, the first physics model of a
blackbody laser was developed at North Carolina. State University as an
element of Langley's program. In 1982, the first in-cavity blackbody CO2
laser was achieved by Prof. Walter Christiansen at the University of
I~ashington. In 1984, he achieved blackbody lasing \'1ith N2 0 as the lasant.
Also in 1984, an advanced model for comparison with the experiment was
developed at the University of Washington to explain the results of some of
the recent experimental work. More recently, Prof. Wynn Harries of Old
Dominion University also developed an advanced model.
The transfer laser developed from quite a different direction. In
1966, the first gas dynamic lasers were developed by Hertzberg and
Kantrmtitz. In 1972, a group at the University of Illinois developed the
first thermal radiation-pumped transfer laser. In 19 73, the trade study by
Mathematical Science Northwest on blackbody lasers also considered transfer
lasers and discussed both their advantages and their limitations. In 1932,
Langley developed its mm transfer laser program starting \'lith N2 into
CO2 • In 1985, the emphasis was shifted to other transfer-gas/lasant
combinations particularly CO/C02 and CO/N20. Also in 1985, a mathematical
model of the CO/C02 transfer laser was initiated at Langley with the help
of researchers at Old Dominion University.
To define nevI lasants and transfer gases for the two blackbody laser
types, \'1e need to clarify the laser types and their limitations.
5Figure 1.2 identifies some of these limitations. The CO2 cavity laser is a
concept inwhich CO2 absorbs blackbody radiation near 4 micrometers to
excite the upper laser level leading to lasing at 10.6 micrometers. The
lasant gas in this cavity laser is a mixture of CO2 , helium, and argon.
The limitaion of this laser occurs because CO2 has a very strong absorption
line that is also very narrow. This means th~t CO2 has a very small
absorpt i on depth over a very sma 11 regi on of the spectrum. The sma 11
absorpt i on depth 1imits both the useful upper dens ity of the gas and the
useful upper tube diameter. The low density gas and the small tube
diameter limit the high pOV'ier operating potential of this laser type.
The CO/C02 laser concept involves CO vibrations excited by absorption
of 4 micrometer blackbody radiation and subsequently mixed with CO 2 gas.
The CO vibrational energy is transferred to CO2 leading to lasing action.
For this concept, the lasing gas constituents are CO and CO2 • The
limitations occur because CO and CO2 have a vibrational energy mismatch.
This mismatch favors the transfer of energy from C02 to CO, the reverse of
what is required. Kinetics limit the density of excited CO 2 , and most
important, the high power potential of this laser.
Figure 1.3 sho\'/s the spectral emissive power of a blackbody cavity.
Plotted on this figure are hemispherical emissive power in watt/micrometer
against the wavelength in micrometers. Look at the CO2 and CO absorption
regions (between 4 and 5 Inicrometers) for the three curves, 1500 o K, 2000 o K,
and 2500 o K. It is clear that as temperature increases, there is a small
advantage to higher temperatures in this spectral band. However, if we
6could find molecules which absorbed between 1.5 and 2 micrometers, one can
see that an orders of lIlagnitude increase can be gai ned. Thus, there are
several advantages in looking for a shorter wavelength and broader
absorption band lasant and transfer gases for blackbody lasers. That is
the technical purpose of this workshop.
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CAVITY BLACKBODY-PUMPED LASERS: PRESENT RESEARCH STATUS
Walter Christiansen
University of Washington
Seattle, Washington
Cavity pumped blackbody lasers have made substantial research progress
at the University of Washington where they were first demonstrated in
1982. Presently two systems are in operation, the C02 and the N20 system,
both lase near 10 microns with pumping from a blackbody cavity. The basic
concept for a bl ackbody ca vity 1aser is shO\'1n in figure 2.1. Here a
laser is surrounded by a thermally insulated cavity in which solar
radiation is captured thereby heating the blackbody cavity wall but not the
laser tube or lasant. The equilibrium radiation field produced by the
cavity wall is approximately 1500-2500 o K. This is used to optically pump
the laser as an indirect pump; the cycle is closed with additional pump
heat exchangers which circulate the lasant keeping it near room
temperature.
A comparison between the direct solar-pumped laser efficiency and one
which is indirectly pumped by a blackbody cavity, figure 2.2, shows that
they are similar to a Carnot cycle. The blackbody system is still quite
efficient (85 percent) even taking into account the enthalpy production of
the indirect rrethod. For a more practical engine cycle the comparison at
maximum work throughput is npract. Even here the potential for good
efficiency is evident in the indirect method.
Figure 2.3 shows the blackbody spectrum used to optically pump the
lasant material. The specific equilibrium radiation spectrum is plotted
"
•11
versus frequency and oven temperature. The 6000 0 K spectrum would roughly
correspond to the Sun temperature, whereas the blackbody cavity would
probably operate at 1500-2500o K.
Figure 2.4 shows the physical principle behind the blackbody laser
idea. An incident spectrum is shown at 1 where it is practically absorbed
by the medium and shown as a notch in the spectrum at 2. On reflection
from the blackbody wall, the spectrum is completely thermalized and
remitted again at 3. Once again it is absorbed, 4, as was previously
done. In this way the radiation energy in the blackbody cavity is
converted into the pumpi ng frequency of the 1aser.
In figure 2.5 is shown the blackbody efficiency curve for the CO2
:$ystem. It can be shown that the system efficiency, n, is given by
(2.1)
:here nL and nc are the laser efficiency and cavity capture efficiency
respectively; PT/Pm is the ratio of broadband absorption in the laser
tube wall to that of the lasant medium. If this ratio can be made smaH,
or at least near the order of 1, the blackbodY efficiency n is many orders
of magnitude better than a directly pumped C02 system, that is CO2 pumped
di rectly by the solar spectrum. Thus, great effort i.s made' i.n trying, to
keep the amount of blackbody absorption in the laser tube to' a m~fl'tmum:.
Materials are known which are broadband blackbody transmitters and are
shown in figure 2.6.
Figure 2.7 is an example of an infrared laser media. The upper
figure depicts CO2 gas in which the 4.3 micron radiation pumps the (DOl)
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upper laser level. Collisional effects are shown as straight lines while
optical processes are shown as wavy lines. The lower figure shows a CO/C02
transfer laser in which optical energy absorbed by CO is used to pump CO2
through collisional transfer resulting in C02 lasing at 10.6 ~m. CO can
also be made to lase independent of C02 provided the CO is cooled on the
order of 100o K. In this case the lasing wavel~ngth is approximately 5 ~m.
Figure 2.8 shows the experimental setup at the University of
Washington. This device has an electrically heated blackbodY cavity which
can be moved over the laser and cooling tubes, initiating lasing in the
optical cavity. The device has a 50 cm long gain length and 8 mm diameter
laser tube and has produced CW laser outputs of approximately 200
milliwatts. Figure 2.9 shows an example of the laser output with two CO2
isotopes in the lasing mixture. In this case only the heavy CO2 isotope
lases, experimental points are shown as circles. Note that by mixing
isotopes an increase in laser power was found. Figure 2.10 shows an
example of laser output using a mixture of two molecular species. In this
case only N20 lased and the result showed definite evidence of V-V pumping
between the species (experimental points are circles). These results are
encouraging since they allow a broader absorption bandwidth to pump the
1aser.
A system study was conducted to scale these cavity blackbody-pumped
lasers to high output powers. In figure 2.11 the power is increased by
combining the outputs of a number of laser tubes. Each laser tube power is
proportional to length, as the diameter is limited by the absorption depth
and heat transfer to the walls. Note that the laser tubes are cooled.
Such a system demands very long laser gain lengths, and an alternative
13
concept is shown in figure 2.12 which shows a CO mixing laser. In this
sketch CO is mixed with C02 to produce a C02 laser; but if the gas were
cooled to approximately 100o K, CO would lase on a partial inversion at 5
microns without the need for CO2•
Figure 2.13 shows a schematic of a three-level laser. Wavy lines are
radiation transitions and the solid lines are collisional transitions. A
comparison of some infrared lasant gases is shown in figure 2.14. The
first column is a list of potential lasants, the second column represents
the steady state gain calculation where numbers less than 1 permit CW
lasing. It appears that OCS can only lase in a pulsed mode. The last
column is the relative measure of the important collisional loss mechanisms
to the radiative pump; the larger the number, the better the potential
blackbody lasant. The factors which are the most important for any
optically-pumped blackbody cavity laser are, first, the bandwidth of the
absorber given by
(2.2)
second, the optical depth which determines the diameter of the laser tube;
third, the collisional to radiative lifetime of the upper laser level;
fourth, the threshold for lasing which should be a minimum; and lastly, the
molecule should be chemically stable. Other potential lasant molecules
should be compared to these criterion to deteremine their likelihood as
blackbody lasants.
MIRROR COLLECTOR
AND CONCENTRATOR
LASER BEAM
-_ ...
-- --'
....-. -_....
...-'"
Fig. 2.1
14
SUNLIGHT
INSULATED
BLACK BODY CAVITY
..
15
=1 - 300 = O. 95
n. c 6000
300
TL = 1 - 6000 = 0.78pract
IDEAL DIRECT mETHOD
= 1 - 300 = 0.85TL c 2000
n. = 1- ~ggo =O.6l
pract f
~~,-.,...,....,-r- 300 0 K
IDEAL InDIRECT mETHOD
Fig. 2.2
16
N
::I:
(!)
S-
+-'
3 V'l
"'"E
u
;:> oK
ro
10- 53~-~6---:-10~1;T.4--l...-~3--l--~6..1.-~::-T'T"'---l----J.3
'--__~, ' V ( Cp_S.1.-) ---',
10 1 0.1
\(p)
Fig. 2.3
.,
----- -------
,,~------~--------_.-_..._---._----_._._----_._--
BLACKBOOY-PUHPEP SOlAR lAS(R~
COLLECTED SUNLIGHT
-_.~---~ .. ,,--_._._._--~-
Tl
Tl
0.10
0.05
o
o
0.10
0.05
18
TlL=O.l ---------======
10
oTB = 2000 K
o 0 10
Fig 2.5
100
ItCI0'1
.--4
-fI) CalQI
u
co
....
~ 75::sen
c ., ZoSe0 co
or4
en fI)
to cu
or4 fI)
e fI)
\D
fI) 0
.C ...J 50 Nto
.
... c:
O'l... 0
or-or4
u..., .,
c u
cu cu
Sapphireu ..-4
... ....
cu cu
~ 0::
co 25c-
"r4
"0
::s
..-4
u
c:
....
0
0 5 10 15
Wavelength - Microns
20
BLACKBODY SOLAR-PUMPfD LASFRS
CO2 Laser
,
-------.,.---- (lOm
- ......-(010)
----.---...,...-- (001)
(000) ..........,...........~........,..,..,....,...,.....~...,.....,....
4.3 J..IIn Radiation
from Blackbody Cavity
10.t J..Im Laser
....,....(010)
noO) ~-
CO
Coli isional
v = 1 ............~...... - - - - - ~ ---,--- (001)
Transfer
4.3 - 5.2 Uln
Radi ation from
Blackbody Cavity
cqlc02Transfer Laser
v= 3 -~,.....-.....
Fig. 2.7
Ioven 8 blockbodyCOYit, chopper
wheel
to vacuum~Pr,.lee',ic
10_ a cool; tubes puII1) r detedar~'~~~~~i~ ---0,,\
/
lose, 90S cold
resenoir trap
,emovable e!ect,icol
discharge tube
H. v.
total
reflectorN
00
."
...
(.Q
.
N
......
"
,'.
22
15 I C13~6
XI C12~6
..
1 5 I He 28
+ bel. Ar
T- 27rPK 2q
0 , P. 8 Torr
0
·0 • 20 -;1
0 -
0 16 I
"" ic
-
tJ8 6 12 &
4
2
o 5 10
Percentoge of C12~6
15
Fig. 2.9
23
3
Ol~
1
6
7
5 2
-
::r ~C'
-
-
15 % N20 L-x 4 cu
~
E X %C12016 8u 2
~
....... + bal. Ar ::l
0c::: 3 T= 3000K ~...... '( ::l0 CO2 0<.!J p= 6 Torr 1
2
.It
o 5 10
Percentage of cl~o!6
15
Fig. 2.10
•
•
• ,..
24
ITATIC INDllla onlCALLY "'•• IAI LAID
UIMT: I' 11OT0N1 ,. CO, AID ..LIlli (,. T_. JOI·-I)
.
lalla '0 • 0.11 "-.
LAID IPPICllIICYa ilL· III ·
lUCK D' "'.1 T • ZOOO -I .
•
tooLAlIT rUIl
LASD TUU,
LASAIT
IIIlUTlc.
GlAPHITE
t
INTERHlQIATE BLACK IODT
CAV ITV (TEMPERATURE T.
' .
Fig. 2.11
I·
CGOLMT CIICULATIOI •
0(' .) ____..,
••
SUNLIGHT
,IN
(a) ISOMETRIC VIEW
CO INPUT
PLENUM
CO GAS EXCITATION
CHAMBER
DIFFUSER
25
I,
i
C02 &H20
MIXING NOZZLES
I== I LASER CAV ITYJ
I
I
t
I
TRANSPARENT
WAllS
INSULATED
CONTAINER
(b) ENLARGED SIDE VIEW OF GLACKBODY AND LASER CAVITIES
CARBON
HAllS
r
I
I
I
I
I
I
(
I
(
I
l-
I
:::> fn..
z::
....
0
u
t
..
Fig. 2.12
It
' .. 1.
'"
..
I
I
Levc1 1
•
Level 2
Laser
Level 0
.-
T
21
T
20
T
10
The Three Level Laser
fig. 2.13
26
Radiat1Yi!
Pump
•
Potential Infrared Pumped - Infrdrcd Lasants
27
laser No1ecule (
PI )o ;_..~ torr
(I{
-------_._----.-_._._.._-_., .._-_.- - '- --_._-_._ .._"
•
CO' <1
CO2 <1
N"O <:1(.
C52 <1
oes >1
HF <1
OF <1
CZH Z <1
1000
0.5
0.2
3 ( 10- II )
3{1O-4)
2(10-")
, -
----_.-_.__._--_.._----- ' ... - .._.• -- --_ .. '-
Fig. 2.14
ANALYTICAL INVESTIGATION OF CAVITY BLACKBODY LASERS
w. L. Harri es
Department of Physics
Old Dominion University, Norfolk, VA 23508
Introduction
28
The purpose of this talk is to review briefly the physical processes
which occur in a blackbody cavity laser, and show how the characteristics
of the lasing medium affect the efficiency when used as a solar energy
converter. The characteristics of an lidea1" 1asant will then be
described. The blackbody concept(l) has been outlined by Dr. Walter
Christiansen in the previous talk.
Overall Considerations of Lasing Media
In general, high laser efficiency requires a lasing medium of the
molecular rather than atomic variety. The reason is that the laser
efficiency depends on the "quantum efficiency" nQ:
where Eu and El are the energies of the upper and lower laser levels,
respectively. Each absorbed photon gives up energy Eu, while the emitted
photon possesses energy Eu - El, and to recover the absorbed energy,
nQ should be high. Figure 3.1 compares atomic with molecular systems.
For the atomic system sho\'m nQ = 1/6. Also shown is a range of
energies for roolecular dissociation leading to an excited atom x* which
causes lasing. If 5eV were needed for dissociation then as the energy of
x* is usually 0.1 - leV then nQi 0.2. Molecular levels are a few
tenths of an eV above ground, but although both Eu and E1 are now quite
•29
low, TlQ is much higher, typically around 0.5 as shown. For CO2, which we
shall take as an example for the rest of this talk, TlQ = 0.43.
The Blackbody Cavity
The intensity of radiation in a blackbody cavity is given by Planck's
radiation law and the radiation flux, E(A, Tb)L per unit wavelength
vs A for different cavity temperatures Tb are given in figure 3.2. Also
shown are the location of the absorption line for C02 at 4.256 ~m, and a
possible dissociation wavelength at 0.5 ~m (2eV for Br2). The peak
wavelength Am and blackbody temperature Tb are connected by Wien's
displacement law: AmTb = 0.29 (cm K). An ideal lasant should absorb
at a wavelength Aa which approaches Am so that the increased radiation
intensity would give higher laser output and also Eu and nQ would be
higher.
The blackbody cavity would re-radiate out through the orifice where
the Sun's radiation entered (Prevost's theory of exchanges), leading to a
cavity efficiency nc:(1)
where 5785 K is the Sun's temperature. A plot of nc vs Tb (fig. 3.3)
indicates that Tb should not be much greater than 2000 K, a value also
predicated from material considerations.
lW. A. Christiansen, "A New Concept for Solar Pumped Lasers," pp. 346-356
in "Radiation Energy Conversion in Space," vol. 61 of Progress in
Astronautics &Aeronautics, 1979, K. H. Billman, editor.
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The "Source Term ll for the Upper Laser Level
The source term is the rate of pumping the upper laser level. It
depends on the energy flux in the cavitYt E(XatTb)dXa (W-cm- 2) where
Xa is the absorption wavelength and dX a the absorption bandwidth. This
energy flux enters the laser medium and the fraction F per unit volume
absorbed between a depth Xl and X2 below the surface is
where (C02) is the density of the absorbing rnedium t and (Ja its absorption
cross section:
where AGu is the Einstein coefficient for the transition ground to upper
level t and c is the velocity of light.
The number of CO2 molecules in the upper laser level (the asymmetric
stretching mode t CO2 (OOl)) produced per cc per sec is
where h is Planck1s constant and dividing by hC/Aa converts the energy
flux absorbed into frequency of events producing the upper laser level per
cc.
The characteristics of the lasing material determining $ are Aat
dAa and AGUt but S also depends on the density of the absorbing
medi um. The absorbi ng ~'1ave1ength Aa shoul d be chosen to approach Am
(fig. 3.2). The value of (Ja is not too important t as S depends on
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(C02 ) (Ja--and a 10\~ (Ja can ah/ays be compensated for by increased C02
pressure (similarity law). Too high a value of the product (C02 ) (Ja
results in all the radiation being absorbed at the outer edges of the
lasing medium near the walls, and Xl, X2 and pressure should be chosen
to maximize S. The absorption bandwidth dA a should be high to increase
E(Xa)dX a, although it results in a lower (Ja.
The bandwidth ctAa for C02 absorbing at 4.256 ~m is actually the sum
of the bandwidths of about 30 closely spaced rotational levels near the
asymmetric stretching mode vibrational level (fig. 3.4). Each rotational
level has a Doppler bandwidth dAD:
where TG is the CO2 gas temperature (~360 K) and Mthe molecular weight
of 44. The Doppler widths could be increased with an ideal lasant of low
Moperating at high gas temperature. Increasing the bandwidths by pressure
broadening might not be feasible if increased collisions depopulated the
upper level.
The spread of the rotational lines from 10.1 to 10.8 ~m in figure 3.4
increases with gas temperature. The effective dX a would increase if
there were more lines, or the spacing of the rotational levels could be
decreased. The spacing in frequency is
2
/),v = h/41T I
where h is Planck's constant and I the moment of inertia of the molecule.
The ideal lasant should also have a low moment of inertia.
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Kinetics of the CO2 Blackbody Cavity Laser
The lasant must not be at high temperature or the lower level will be
filled as will be shown shortly, and as helium has excellent heat
conductivity, it is usually introduced. A buffer gas such as argon may
also be introduced, which if possible should enhance losses from the lower
laser level without affecting the upper level. - The ideal lasant may
therefore be a mixture of gases, making the choice still more complex. In
addition to making the source tenn S as high as possible, an ideal lasant
should have a high density of upper level states Nu' and a low density of
lower level states Nl, to give as high an inversion population (Nu
Nl) as possible. (Fig. 3.5) A specific example of the processes
determining Nu and Nl in a CO2 -He-Ar mixture is illustrated in figure
3.6.
The ideal lasant should have low cross sections for collisions that
deexcite Nu, i.e. low rate coefficients k1 ,k2 ,k3 , and a low Einstein
coefficient AGu, from the upper level to ground. A low value of AGu
means a metastable upper state. Even more important the filling of the
lower level (figs. 3.5, 3.6) from the upper state should be small, as this
has a bigger effect on Nu - Nl. (Fig. 3.6 - k1 , kg, k12 , kI3 should be
small.) However, collisions which remove the lower level (k I0 , ku ) are
helpful. Losses of all levels to the tube wall occur by gaseous diffusion,
which is important at low gas pressures (few torr total pressure).
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Temperature Criterion
Experimentally it was found that if the CO2 1asant became hot, 1asi ng
was inhibited.(2) Most of the energy absorbed is deposited as heat in
the lasant and must be removed by diffusion to the walls. In gaseous
mixtures the coefficient of heat conduction is independent of the total
pressure, but depends on the gas ratios, with helium the best heat
conductor. Assumi ng pl anar geometry the temperature of the 1asant in the
center of the laser can be calculated, and for C02-He-Ar mixtures values
around 360-400 K were obtained.
Increasing the gas temperature TG fills the lower laser level by
Boltzmann statistics, as El is only 0.165 eV above ground for CO2• In
the steady state the fraction of CO2 molecules with energies this high is
exp(-El/kTG) = exp(-1972/TG) or 0.5 percent at TG = 360 K.
Collisions with molecules whose energy is above El can result in the
syrllnetric stretching mode of oscillation--the CO2(100) lower lasing level.
Only one in several thousand collsions accomplishes this, but nevertheless
at elevated gas temperatures the density of the lower laser level Nl
state can exceed that of the upper laser level Nu, and lasing will
cease. The lasant must therefore be cooled and the cooling requirement is
yet another reason why an important characteristic of an ideal lasant would
be to have El as high as possible above ground.
2R• J. Insuik and W. H. Christiansen, IEEE J. Quantum Electronics QE-20,
622, (1984)
34
Characteristics of an Ideal Lasant
The lasing medium X is usually mixed with a cooling agent Y, (usually
He) and a buffer gas Z which preferably deexcites the lower level. All
three components interact in the kinetics of the laser. The ideal lasant
should satisfy the follm'ling criteria: (1) Number of atoms in the
molecule: the lasing medium should have at least three atoms so that there
are several energy levels to provide an upper level, and a lower level
which cannot be the ground level. (2) Absorption cross section 0a: it
should have an absorption cross section 0a > 0 at an appropriate
absorption wavelength, Aa. The cross section need not be large as
increasing the pressure can compensate for small 0a. (3) Absorption
bandwidth dAa: this should be as large as possible (although 0a «
(dAa)-l_-see 2 above), as a greater portion of the blackbody spectrum
is now utilized. An ideal lasant would have large dAa if it had a small
molecular \<Jeight M, and a large moment of inertia I. (4) The laser energy
levels Eu, El: Eu should be high so Aa is small, and approaching
the peak of the blackbody curves, where the radiation density per unit
wavelength is higher and raising n = (Eu-El)/Eu• The lowerQ
laser level, El' should be high so that the level is not filled by
temperature effects. However both Eu and El must give a reasonable
n. (5) Pumping the upper laser level: absorption in the lasant XQ
at a density (X) cm- 3 , depends on the correct ((X) 0a d), where d is the
..
..
..
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average depth (between x, and X2) and d should be small, to enable adequate
heat conduction to the walls. (6) Losses from the upper laser level: the
ideal lasant X should have low losses from its upper level Xu, meaning
collisions of the type Xu + X, Y, Z should not deexcite (see fig. 3.6).
Spontaneous emission from Xu should also be small, or Einstein
coefficient AuG should be small, i.e. a metastable upper level is
desirable. (7) Stimulated emission cross section O'e: should be large
for low threshold, high gain, and high power:
Here Ae, the lasing wavelength is fixed by Eu-El, AuL the Einstein
coefficient for spontaneous emission should be large and dAe the emission
bandwidth should be small. (8) Filling the lower laser level: the rate
should be small. The two main contributions are collisions from the upper
level, requiring rate coefficients such as K
"
K12 , k13 (fig. 3.6) to be
small, and filling by temperature effects should be small meaning El
should be high, and the gas temperature TG low. (9) Losses from the
lower laser level: should be large so that the density of the lower level
states (XL) is small and (Xu) - (XL) »0. Hence collisions of the
type XL + X, Y, Z should have large deexcitation cross-sections (large
rate coefficients K4 ,Ks ,K6 in fig. 3.6). It is also helpful to have other
vibrational modes at energies in near resonance with E1, which provide
pathways to deplete the lower laser level, e.g. for C02, we have
(100)+(020)+(010)+(000).
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SCALING OF A BLACKBODY CAVITY
C02 LASER TO 1 MW
In scal i ng a CO2 bl ackbody cavity 1aser to 1 MW there is a serious
limitation due to Planck's Radiation Law, which leads to excessively large
surface areas for the laser. If flat "box-type" laser is assumed, the
surface areas of the solar collector, and heat radiator are considerably
sma 11 er.
Power Density in a Blackbody Cavity
The CO2 laser absorbs at a wavelength la = 4.256 pm, with a bandwidth
dl a = 4 x 10 _4 pm. Plank's radiation formula then gives the power
entering unit area of the laser surface as
\'1here Tb is the cavity temperature. For Tb = I500K, and 3000K
respectively, E(la)(dla) = 1.26 and 5.14 mW per square cm, values which
are very small. Large power outputs therefore require a large laser
surface AL' There is no concentrating of input flux inside the blackbody
cavity, as with parabolic collectors.
We define a device efficiency n as Pout/Pin where Pin is the
absorbed power to produce CO2 (OOI) the upper laser level, and Pout is the
output power assumed to be 1 MW.
..
..
..
..
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Calculation of the Dimensions of a 1 MW Laser
The model is shown in figure 3.7. A parabolic collector of area Ac
collects the sun's radiation of 1.4 KWm-2 and the total power Pc is
directed into the cavity~ which has negligible losses. All of Pc is
assumed to be input power Pin to the laser of surface area AL•
Although the cavity is at temperature Tb~ the temperature of the gas
TG is assumed much lower - 400K. A cooling system removes heat to a
radi ator of area Ar , at temperature Tr whi ch emits power Pr by
Stefan's Law: Pr = Ar€oTr4 where € the emissivity is assumed unity~ 0
is Stefan's constant~ and Tr = TG• As n is usually much less than 1,
Pr ~ Pin· With these assumptions the areas of the collector Ac and
radiator surface Ar can be calculated as shown in Fig. 3.8.
In this simplified treatment Ac' AL~ Ar are proportional to
Pout/n, only AL depends on Planck's formula. Assuming cavity
temperatures Tb = 1500K and 3000K, and efficiencies of 1% and 10%, the
values of the areas are given in figure 3.9. Also given is a
representative linear dimension L where L2 = area~ to give a feeling for
the size of these components. The radiator may to some extent be folded,
while the laser area, AL, can be shared by the two sides of the laser.
However a folded geometry for AL would be difficult because the surface
has to be cooled as shown. Even in the extreme limit with Tb = 3000K and
n = 1~ AL is still 20000 m2 if Pout = 1 MW •
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Conclusions
The characteristics of an ideal blackbody cavity lasant have been
outlined. The choice of an ideal lasant is a complex process depending on
a large number of factors, including the choice of a cooling medium and a
buffer gas.
Planck's radiation law limits the power input per unit area into a C02
blackbody cavity laser making the surface area for high powered lasers
excessively large. It is suggested that an alternative application might
be small 1 Wlasers for communication and surveillance, because it \'Jould be
easy to maintain the cavity temperatures in synchronous orbits where 72
minutes each day are spent in the earth's shadow.
•
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A REVIEW OF LASER-PUMPED INFRARED LASERS
Kwan-Yu Chen*
Department of Astronomy
Uni versity of Flori da
Gainesville, Florida 32611
In this paper, we revievi the lasing mechanisms of molecules that have
demonstrated laser action in the laboratories with laser emissions in the
spectral range from 3 to 35 microns. This topic is germane to the workshop
because a list of lasants and laser mechanisms will be defined. The
pumping sources for these lasers are mainly infrared lasers; however, the
case in which excitation of bromine atoms at 2.71 ~m by a flashlarnp as
energy input is also included in the revie\'1. A conceptual drawing of
lasing meclwnisflls is shown in figure 4.1. Here three pumping mechanisms
are shown, the fi rst bei n9 the di reet-pumped system i n ~Jhi ch the 1asant
molecule absorbs the infrared radiation from pump laser directly, and it is
excited into the upper laser level from the ground state. The second
system is the i ndi reet-pumped system where the infrared-purnp laser fi rst
excites an absorbi ng mol ecul e vlhi ch stores its vi brat i anal energy. Through
collision this energy is transferred to the lasant molecule, populating the
upper laser level. In the third system, i.e. in a Br2-C02 Ir,ixture, a
flashlamp replaces the infrared laser as the pump source for the absorbing
molecule.
For more than a decade, surveys of infrared gas-laser systems have
been made with the technique of laser pumping. The experimental results
*NASA-ASEE Fellow, 1985 summer
NASA Langl ey Research Center
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provide a broad understanding of basic lasing mechanisms of those
molecules. The lasing mechanism of a molecule excited by laser input could
be the same for blackbody pumping. Thus one could look for new blackbody
lasants by examinations of laser-pumped laser mechanisms. The physical
properties (masses, potentials, structures) of these molecules that relate
to their vibrational-rotational energies can be examined more closely.
From the study of published results and physical properties, general trends
might lead to nel'J lasant materials, and/or help to evaluate the physical
behaviors of these molecules in the case of blackbody pumping.
Table 4.1 lists various systems that are revievled. The pumping input
was provi ded by pul sed energy in all systems with the except i on of the
cont i nuous-~"ave input for the OF-C02 Illi xture.
Before we consider each individual system, we examine some sample
molecular spectra which are important for the understanding of molecular
absorption and emission. Figure 4.2 shows the low-dispersion and the
high-dispersion absorption band of HC~ [1,2J. In laser pumping, individual
rotational lines can be selectively pumped in the absorbing molecule.
However, for blackbody pumping a broad spectral band would contribute to
the absorption. The difference between a fundamental absorption band of
the bending mode (010) and that of the asymmetric stretching mode (001) of
CO2 , is shm'ln in figure 4.3 [2J. Note the many possible
vibrational-rotational lines that can absorb. Figure 4.4 shows the
difference between the absorption band of CO (diatomic) [3J and that of SF6
(seven-atomic) [2J. As indicated for SF6 , it is much more difficult to
know what particular vibrational-rotational line is really absorbing; in
case of blackbody pumping, however, the whole band would be involved in
absorption.
50
Now we examine specific laser pumped systems. Figure 4.5 sho\'/s the
lasing processes of the direct-pumped C02 and N20 laser [4,5J. Both CO2
and N20 are linear molecules; the wavelengths of the pumping and laser
energies for the two systems are very similar; and they \vere both excited
from the ground states to the (001) states with laser transitions from
(001) to (100). Yet there are basic differences bet\veen the two molecules:
C02 belongs to the point group of Dooh \'ihile N20 belongs to that of Ccov ;
the (loa) state of CO2 is infrared inactive while that of N20 is infrared
active. The difference in their laser efficiencies reported later is
basically due to the difference in structures of these two molecules, CO2
being sy~netric and N20 not. Figure 4.6 shows the absorption of CO2 and
emission of N20 in an indirect-pumped N20 laser [6]. The physical
processes of an indirect-pumped C02 laser [7] emitting at 9.6 and 16 ~m,
and of a direct-pumped 12C1802 laser [8J \'iith six lasing lines are shown in
figure 4.7. Figure 4.8 shows transitions of lasing C02 (using several
oxygen isotopes) in another direct-pumped laser [9J, and also its output
wavelengths. Essentially, these two figures indicate that a molecule could
lase at various wavelengths with selective line pumpings; but the picture
would be quite different in broad-band blackbody pumping. Wang et al. [10J
reported the first CW indirect-pumped C02 laser in a OF-C02 system. Kildal
and Deutsch [11] reported fi ve i ndi rect-pumped systems each with one of
five lasing molecules (4 triatomic and 1 four-atomic), and two
direct-pumped systems \'iith two of these triatomic molecules. In 1976, they
reported these systems with improved performance, and another
indirect-pumped system \'1ith five-atomic molecules [12]. Their 1976 work is
presented in figure 4.9. The laser transitions of these molecules and the
..
•
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laser performances are sho\'in; especially interesting are the list of laser
efficiencies, the variety of pressures at which the laser actions of
different molecules were operated, and the minimum threshold energy needed
for laser actions. Under the similar conditions, a non-linear molecule
needed a higher threshold than a linear molecule. It is also noted that in
the CO-C2H2 mixture, vibrational energy was transferred to the
infrared-inactive mode (01000) of C2H2 •
A di rect-pumped NH 3 1aser was reported by Chang and McGee [l3J. The
relevant vibrational-rotational states are shown in figure 4.10. Jacobs et
~ [14J obtained ten laser wavelengths ranging from 6.27 \lin to 35.50 \lm.
Danielewicz et ~ [15J obtained laser lines of NH3 in the 11-13 \lm
region. Fry (1976) observed forty-two laser lines in NH3 ranging from 9.3
to 13.82 \lm with direct laser pumping. Figure 4.11 shows the observed
laser lines of ammonia and of ethylene by Chang and McGee[16]. The
direct-pumped SF6, an example of a seven-atom molecule, h'as excited by a
laser input. Figure 4.12 shows the two-photon pumping model and a limited
range of operating pressures for laser pumped SF6[18J.
Petersen et ~ [19J obtained laser actions in C02, N20, and HCN, each
mixed with Br20 The energy from a flashlamp excited the bromine atom, Br*,
which transfers energy to the lasing molecule through electronic-
vibrational processes. They [20] also observed laser emission wavelengths
of 4.3 \lm and 14.1 \lm in addition to 10.6 \lm from the C02; these laser
transitions are shown in figure 4.13. Petersen et al. [21]observed lasings
of NO and H20 in the Sr*-NO system and the Br*-H20 system, respectively.
They also observed the lasing of N20 in a Br2-C02-N20 mixture as well as in
a Br2 -HCt-N20 mi xture. In these cases i ndi rect-pumpi ng of N20 was achi eved
by vibrational-vibrational energy transfer vis C02 or HCt. Figure 4.14
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illustrates both the electronic-vibrational transfers and the
electronic-vibrational-plus-vibrational-vibrational transfer of energy.
A plot of observed laser efficiency vs. quantum efficiency for
different laser systems is shown in figure 4.15. This could indicate, in
pa rt, . the system performance 1imitat ions for these systems at the present
time. Recently, a blackbody direct-pumped C02 laser has approached 25
percent efficiency [22J. This is close to the 30-34 percent laser-pumped
efficiency.
To pursue the question of vibrational energy of a new complex
molecule, let us take a look at the molecular structures of the lasing
molecules mentioned above. Figures 4.16, 4.17, and 4.18 show the
structures of linear, symmetric-top, asymmetric-top, and spherical-top
molecules. The number listed under each molecule are its fundamental
vibrational wavenumbers. The line under a number indicates that the
particular mode is infrared inactive. Since the vibrational energies of a
molecule relate closely to its structure, scientists have for years
analyzed the observed infrared spectra of complex molecules to determine
the molecular structures. Correlation charts between infrared spectra and
structure units (specific grouping) have been published. The charts given
in the book entitled liThe Infra-red Spectra of Complex ;~oleculesll [23J are
presented in figure 4.19a-e for reference. (It should be noted also that
the detailed infrared correlation charts are published in IIHandbook of
Chemi st ry and Phys i cs II [24]). These cha rts coul d gui de us in the sea rch
for complex molecules as potential lasant materials in the desired spectral
regions.
..
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Finally, figure 4.20 shows where in the periodic table of elements the
atoms of the lasing molecules are located. Probably one is not surprised
to see the limited location since these molecules have low boiling points,
i.e. gaseous phase at room temperature•
A summary and some concluding remarks are listed as follows:
1. Laser actions in twelve molecules--l djatomic, 6 triatomic, 2
four-atomic, 1 five-atomic, 1 six-atomic, and 1 seven-atomic, are
reviel'led. They are linear, symmetric-top, asymmetric-top, or spherical-top
molecules.
2. The wavelengths of these laser outputs are all longer than 3
microns.
3. The thresholds of the input energy for laser action in non-linear
molecules would be higher than that for linear molecules.
4. The locations of the atoms of the lasing molecules are limited in
the periodic table in this study.
5. Vibrational-vibrational transfer of energy is an efficient
mechanism for laser action.
6. Electronic-vibrational transfer, as shown in the case of Br* +
molecule, is also a mechanism that should be explored.
7. The systems reviewed here all have pulse-pumping inputs except one
...
case of CW-pumping \I/hich gives very low laser efficiency. The major issue
for blackbody pumping seems to be v/hether or not a sufficient excited-state
density can be obtained.
8. Laser actions in NH3 have produced many emission lines. The
wavelengths of most of these lines are longer than 10 ~m; thus they would
not be interested in terms of power output. The observed lines of 6.27 and
I,'!j
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6.69 ~m could be of interest. With blackbody pumping, NH 3 , like SF6' would
absorb in broad band. How they would lase in such a case is not yet
predictable.
9. For CO2 laser, we see that laser efficiency with blackbody pumping
is close to that with laser pumping.
10. Laser pumped gas lasers can be used as an effective tool to
investigate new lasants quickly.
The writer is grateful to Or. E. Conway, Head of the Space Technology
Branch, Space Systems Division, NASA Langley Research Center, and his
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I. Oirect-pumped by laser
Lasing
molecule
Wavelength of
laser output, ~m
57
C02 10.6, 4.35, 17.46
e52 6.6
OCS 19.
NH3 12.8, 11.46-12.81, 6-35, 12.08, 9.3-13.8
SF 6 15.9
C2H4 10.53
N2 0 10.8
II. Indirect-pumped by laser
Intermediate Lasing Wavelength of
molecule molecule laser output, 11 m
CO2 N20 10.9
CO oes R.3
CO CO2 10.6
CO N20 10.9
\,0 C2 H2 8.
CO C52 11.5
CO Si H4 7.95
HBr CO2 16
DF CO2 10.6
III. Pumped by flash lamp, electronic-vibrational energy transfer from
Br(42P1!2)
..
Lasing molecule
(mixed with Br2)
CO2HeN
NO
H2 0
N2 0(V-v transfer
from CO 2 or HC 9,)
Wavelength of
laser output, 11m
10.6
3.R!), 8.48
5.5
7.09-7.74
10.9
Table 4.1 List of molecules and lasing wavelengths.
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Fig. 4.2 Fundamental absorption band of Hel. (After Herzberg [lJ ~
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Fig. 4.22 Infrared spectrum of the C02 bending mode, showing the PQR
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Fig. 4.23 Fine structure in the fundamental absorption band 'i73 of CO2 • (From
ref. 4.2.)
Fig. 4.3 INfrared spectra of two absorption bands of CO2.(After Straughan and Walker [2])
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Fig.4.21 Fine structure of the antisymmetdc stretching mode of SF6 resolved
u:.iilb (a) a diode IJ~er. and (b) a ll;aling spectrometer. (From ref. 4.8.)
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F1G. 1. Vibrntional energy level diagram for NzO and C'0z
(partial), Illustrating the ('pUcal transfer laser process.
Fig. 4.6 Indirect-pumped N20 laser. (AfterChang and Wood [6] )
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Fig. 1. Energy levels of CO2.
TABLE I
OPTICALlY PUMPED C02 LASER OUTPUT WAVELENGTHS
Output
Molecule HF Pump Line Wavelength (11m)
12C1802 P2(6) 4.346
4.371
.. 12C160180 P 2 (5) 4.314
4.340
13C160180 P 2(5) 4.473
P2(8) 4.528
Fig. 4.8 A direct-pumped CO 2 laser. (After Drozdowicz et. ale [9])
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Fig. 3. Simplified energy level dlagJ;8m for CO
and the molecules pumped by nearly
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Table I
Summary of performance of optically pumped lasers
Minimum Threshold
Maximum Maximum Max:imum
Pressure Focused Unfocused Efficiency Output
System (Torr)· (mJ) (mJ) (Percent) (mJ)
OCS 55 0.1 0.6 19.0 5.2
(direct-pumped)
CO-OCS 420 0.1 1.0 7.6 1.3
CO-CO2 12.400 - 1.6 34.0 13.0(16.3 atm)
CO-C2H:z 610 - 2.0 3.5 0.12
CO-CS2 20 - 2.5 0.5 0.03(1l.5 lJ.m)
CS2 (6.6 lJ.m) 25 - 6.3 0.1 0.03
CO-SIH4 35 1.7 - 0.6 0.03
4l\Vltb H2 or He buffer
Fig. 4.9 Eight laser systems. (After Kildal and Deutsch [12J)
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Fig. 4.10 The transitions of NH3. (After Chang and McGee [13])
TABLE I. Summm'Y of observed laser lines.
Vib. Emission Absorption CO2 Vp - Va vp-ve ReI. Opt. p Thresh.
Gas band line (}lin) line (j.lI1l) linc (cm-I ) (em-1) }.lol. (Torr) €p (J)
NIl;j 1'2 sP(7, 0)-12.08 sR(5,0)-~.2~ R(aO) O,02Gll ~56.9 II 1.2 0.09
1'2 aP(8, 0)-12.812 aR <6,0)-9.29 R(16) _ 0.021 a,b 295.5 II 5 O.OS
V2 aP(:1,1}-11.46 aR(1,l)-10. ~u R(14) 0.048 e 99. ~l II 2 0.09
v2 sP(6, 4)-11. 80 sq(5, 4)-10. ::5 R(li) - 0.012 e 11M.• 7 1 0.8 0.12
1'2 aP(6, :1)-12. 28 aQ(5, :1)-10. 7'2 P(:l~) - O. 0:i2 e 118.7 1 1.2 0.09
C211~ ? 10.98 10.27 R(l6) 6') ? 1 :1-5 0,12-.-
v1 Rp(lO, 2)-10. 5:: RQ(9, 2)-10. ::2 R(lO) 19.7 1 2 0.11
or RO(IO,O) RR (9, ()
.- :
a From ltt'l 7. b f).,m HeL 6. e From HcL 8.
Fig. 4.11 Observed laser lines of ammonia and ethylene.
(After Chang and McGee [16])
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Fig. 3. Energy level diagram ~howing .the proposed two-photon
pumping model.
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Fig. 4.12 The transitions of SF6 and the laser operatingpressures. (After Barch et. al. [18])
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Fig. 4.13 A Br*-C02 system. (After Petersen et. al. [20J)
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Fig. 4.17 Molecular structure of ethylene.
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LASANTS FOR TRANSFER BLACKBODY-PUMPED LASERS
R. De Young
Space Technology Branch
NASA Langl ey Research Center
1. Introducti on
This paper will outline the concept of transfer blackbody-pumped
lasers, present recent research results concerning these lasers and expand
into the search for new lasant materials for transfer blackbody-pumped
lasers. Presently these lasers appear to have the best potential for
scaling to multimegawatt power levels.[l]
There are two basic concepts for the blackboqy-pumped transfer laser
which are schematically drawn in figure 5.1. The first concept is called
the translational heating concept, an example being N2 :C02 • Here the
blackbody cavity is heated to approximately 2000 0 K by collected sunlight in
space. An absorbing molecule would come in contact with the blackbody
walls thus coming into equilibrium with the blackbody temperature. The gas
vibrational and blackbody temperature would be roughly equal, and thus a
Boltzmann distribution of vibrational states would be excited at the
blackbody temperature. The gas would then flow out of the cavity through a
nozzle then into the laser cavity. The nozzle allows a pressure
differential between the blackbody and laser cavity and also extracts the
translational heat from the gas without substantially reducing the
vibrational excitation. In the laser cavity, the absorbing and lasant
gases are mixed creating a population inversion and subsequent lasing. The
gases emerge from the laser cavity and are then cooled by a radiator. A
separator directs the lasant molecule back to the lasl~r cavity and the
"
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absorbing molecule to the blackbody cavity. A typical example of this
system is the N2 :C02 system in which the N2 is translationally heated in
the blackbody cavity creating N2 (v) excited vibrational states. At the
exit of the nozzle the translational temperature drops but the vibrational
temperature remains high. The N2 (v = 1) efficiently transfers its energy
to the (001) mode of CO2 creating lasing at 10.6 !Jm. This system has been
demonstrated experimentally and will be reviewed subsequently. The major
limitation of this concept is its relatively low system efficiency. In
figure 5.2 is shown the N2 :C02 ideal efficiency as a function of the black-
body temperature (equal to the N2 gas temperature). The efficiency is the
quantum efficiency 41 percent multiplied by the thermal efficiency, that is
the ratio of the energy in the N2(V=1) state to the N2 gas enthalpy. At
2000 0 K the efficiency is approximately 4 percent. The overall system
efficiency would be lower than this value--perhaps 1 percent.
An alternative concept shown in figure 5.1 is called the vibrational
heating transfer laser. Here the absorbing molecule is not translationally
heated. Energy is coupled to the molecule only by optical absorption
creating a high density of vibrational states. Thus the gas temperature is
near room temperature whereas the vibrational temperature comes into
equilibrium with the blackbody temperature. The vibrationally excited gas
is mixed with an appropriate lasant in the laser cavity from which lasing
is extracted. This system is not limited by the thermal efficiency; the
1imi tat ion bei ng the quantum effi ci ency (41 percent for CO2 ).
Figure 5.3 shows an example of such a system. CO gas would absorb
energy at 4.6 !Jm in the blackbody cavity and subsequently transfer its
vibrational energy to C02(001) creating lasing at 10.6 llm. The CO absorbs
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in a narrow band within the 2000 0 K blackbody cavity, but the blackbody
radiation outside the CO absorption band remains in the cavity, thus in an
ideal cavity the energy extracted by vibrationally excited CO would be
equal to the sunlight energy entering the blackbody cavity. Under these
conditions the laser efficiency would approach the quantum efficiency of
41 percent.
II. Present Research Status
Lasing of N2-C02 has been achieved by heating N2 in an
electrically-heated oven to approximately 1500 0 K and then translating it to
a laser cavity into which CO2 is mixed with the nitrogen establishing
lasing in CO2 at 10.6 pm.[2] Figure 5.4 shows a schematic diagram of
the experimental setup which was used to demonstrate blackbody pumping of
nitrogen and subsequent lasing of C02. Nitrogen passing through the
electrically-heated oven comes into equilibrium with the oven
temperature. After passing out of the oven it goes through a nozzle which
allows the lasing region to be at a lower pressure than the oven region.
Also the nozzle reduces the translational temperature without substantially
reducing the vibrational excitation. Vibrationally excited nitrogen passes
through the nozzle which is water cooled and enters the laser cavity where
CO2 and helium are mixed together creating lasing between the laser cavity
mirrors. The gases are extracted through vacuum pumps and expelled.
Figure 5.5 shows the CO2 laser power and efficiency as a function of
nitrogen oven temperature. As the oven temperature increases lasing also
increases to over 1 watt of CW power at 10.6 pm. The efficiency is plotted
as a function of oven temperature and increases as the oven temperature
•
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increases. A maximum intrinsic efficiency is shown at approximately
1500 0 K where it is a factor of 4 less than the maximum intrinsic
efficiency. In figure 5.6 is plotted the CO2 laser power and intrinsic
efficiency as a function of N2 oven pressure. Again, laser power increases
to approximately 1.4 watts CW power at 700 torr N2 pressure and the
experimental efficiency is again shown to peak at about one-fourth the
maximum intrinsic efficiency. The experimental intrinsic efficiency is
here defined as the amount of laser power measured divided by the N2 gas
enthalpy.
Lasing has recently been achieved in N2 -N20 mixtures. Laser output
was substantially less than with CO2 ; this has also been noted in electric
discharge and gasdynamic lasers using N20. Lasing has also been achieved
in N2-C02 with the addition of co. Presently, however the addition of CO
tends to quench CO 2 lasing and further research is needed to understand the
reasons for the quenching. Eventually through fluorescent studies we hope
to replace the nitrogen and pump the CO 2 directly from vibrationally
excited CO.
III. Characteristics of Transfer Blackbody Lasants
Figure 5.7 gives in outline form the pitfalls on the path to new
blackbody lasants. The laser system in operation now is the N2 -C02 , but
this system has fundamental efficiency limitations which make it
uninteresting and eventually we would like to replace this system with one
that is purely optically pumped. To do this several considerations must be
addressed. The absorption of the blackbody radiation is important, not
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that the molecule be a strong absorber but that it sould be as broadband as
possible. V-T relaxation of the absorber should be kept to a minimum since
this is a loss of vibrational excitation. A finite time is needed to
translate the optically pumped molecule into the laser cavity and V-T re-
laxation could substantially reduce the excitation density. The V-V trans-
fer rate should be high between the vibrationalJy excited absorbing
molecule and the lasant molecule within the laser cavity. Here the energy
resonance, between the absorbing-lasant molecular states, is of utmost
importance. Within the lasing molecule, v-V relaxation should be kept to a
minimum for the upper laser level, but for the lower laser level V-V relax-
ation may playa beneficial role in rapidly depopulating the state. Quan-
tum efficiency is also a consideration in that ~~e would like to have this
higher than 41 percent achievable with CO2 , Some chemically reactive
species may be used and this compounds the quenching IJhenornena and must be
addressed in certain molecular mixtures. If ,'Ie have optimized all these
considerations then we can feel assured that we have achieved the near
ideal lasant mol ecul e.
1. Absorbing Molecule
The first consideration in the transfer blackbody laser is the
absorbing molecule which will optically absorb energy vlithout gas heating.
There are a number of modes in which energy can be coupled to a gas. One
is through electronic states, either electronic atomic or molecular
states. Rotational states could be involved and also vibrational states of
polyatomic as well as diatomic molecules. Of these modes, the electronic
states generally are very high in energy and are unaccessible through
pumping by blackbody radiation. Also, atomic states cend to be very narrow
in their absorption bands and radiatively relax very quickly. Conversely,
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rotational states are generally too low in energy and thus of little
interest. Presently, most consideration is being given to vibrational
states of molecules since they have energies accessible by blackbody
radiation and of these diatomic molecules appear to have the lmJer V-T
relaxation rates with long vibrational lifetimes.
For a heteronuc1ear diatomic molecule the rate of absorption from
state K to Mcan be written as
(5.1)
where NK is the number density of excited absorbers, BMK is the
Einstein absorption coefficient (cm2 /Erg-sec) and p(wr~K) is the blackbody
radiation density per \'Javelength interval (Erg/cm3 ern-l). The Einstein
coefficient can be written as
~
() .J 2
B _O'IT ()-
-'- lJMK 3h3C ~lK
where (11 )MK is the trans it i on moment integral and can be \'witten as
for a three dimensional harmonic oscillator. Here Q is the electric
charge, ME the electron mass and wMK is the transition frequency. The
electric charge can be approximated by
(5.2)
(5.3)
Q _ 11
- R
e
where 11 is the dipole moment (esu-cm) and Re is the equilibrium
(5.4)
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internuclear distance (cm). Thus, looking at equation 5.3 we would like to
maximi ze the quantity
(5.5)
2
lJ
2
wl4KRe
This has been done for a number of diatomic molecules of interest and are
listed, table 5.1, in order of decreasing value of the quantity 5.5. Also
shown in table 5.1 are the calculated radiative lifetimes of each molecule
from the fundamental vibrational state. It is interesting to note that CO,
based on this criteria, is the best absorber. It also has a reasonably
long radiative lifetime of 50 msec.
A number of candidate absorbers exist over a wide range of fundamental
energies. Plotted in figure 5.8 is the blackbody spectrum as a function of
wavelength for different temperatures running from 1500 to 2500 o K. Also
shown are some heteronuclear diatomic absorbing molecules of interest.
Molecules other than CO ~/hich absorb closer to the peak of the blackbody
spectrum are shown. Of particular interest is OH(v = 2) which absorbs near
the peak of the 2000 0 K blackbody spectrum. In general, \Je would like
mol ecu1 es which absorb at the peak of the b1 ackbody spectrum over as I'd de a
bandwidth as possible.
In general the radiative lifetimes of heteronuc1ear molecules are
fairly long, and the loss of vibrational energy takes place through V-T
relaxation rather than through radiative decay. Thus, it is important to
consider the V-T loss process in detail. Before looking at the
experimental data, some parameters need to be defined. Z10 is defined as
the average number of collisions for a V-T deactivation from the first
vibrational level. PTV is Qqual to the V-T vibrational relaxation time
•
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and is usually given in atmosphere·seconds. This can be approximated by
where Z is the gas kinetic collision rate, N is the number density, a is
the collision cross section, T is the gas temperature and M is the
molecular mass. Thus, for an ideal absorbing molecule we \I/ou1d like to
have ZlO very high. For example, in figure 5.9 the vibrational V-T loss
for CO is sho\'m as a function of gas ternperatur'eJ3] CO has the very
advantageous characteristic of having a slow V-T loss rate and as the
figure shows at 300 0 K the rate approaches 10 10 collisions per V-T
relaxation. Figure 5.10 shov/s for other molecules the V-T relaxation
lifetime plotted as a function of gas temperatureJI+] CO is again
shown having a very long lifetime at room temperature; it is interesting to
note that when argon is mixed \I/ith CO, the V-T relaxation can be
substantially reduced. Conversely, if a light atom is mixed with CO the
V-T rate is increased as shown with helium-CO mixtures. Also shown in the
figure are the halogens ~I/hich have substantially higher V-T rates. Figure
5.11 shows, in the upper plot, the V-T loss again as a function of
temperature for HF, OF, HC1, HBr, and DCl.[3] Note the substantially
higher V-T loss rates for these molecules v/hich would tend to make them
difficult to use as blackbody absorbing molecules. In the lower graph of
figure 5.11 is shown the V-T loss rates for polyatomic molecules and in
general these molecules would not be good absorbers because of their fast
V-T relaxation.
Thus, some general statements can be made concerning absorbing gas
molecule characteristics. First of all they would tend to be heteronuclear
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diatomic molecules which have a reasonable dipole moment, absorbing at as
broad a bandwidth as possible (this may be possible by mixing isotopes of
the diatomic molecule together). Secondly, it should have a small V-T rate
approaching that of CO at 300o K. A carrier gas ~ou1d be mixed with the
absorbing molecule thus decreasing the V-T loss. Thirdly, we would like to
have a high energy fundamental transition as thjs would tend to couple
better to the blackbody spectrum.
2. Lasant molecules
There are some considerations that must be addressed when looking at
the potential lasant molecule. In particular the upper laser level should
have relatively low V-T and V-V loss rates. If the molecular structure is
complex the energy transferred into the 1asant molecule may V-V to a
variety of other states, thus there would be no state selected inversion,
thus, relatively simple molecules would appear to be best. The energy
resonance between the absorbing and lasing molecules is important so that
efficient transfer of energy can take place and we would generally tend to
be dealing with IR active states.
Conversely, in the lower laser level we would like to have fast V-T
and V-V rates to depopulate this level. Shown in figure 5.12 is the
collision number for vibrational relaxation as a function of Vmin which
is the energy of the lowest energy state of the molecu1e.[3] From the
figure we can see that vibrational relaxation is inversely proportional to
the energy that must be converted into translation from the lowest
vibrational level. In the chart of figure 5.12, CO2 is shown to be the
..
..
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least deactivated in collisions due to its high (010) state. Also shown
are molecules containing hydrogen and in general molecules which contain
hydrogen deactivate with higher probability. These considerations are
important in the lower laser level of the lasant molecule where rapid
deactivation would be very important. Thus, molecules that deactivate
quickly should be considered and these molecules are indicated on the chart
in figure 5.12. Shown in figure 5.13 is the deactivation collision number,
again versus the energy of the minimum energy state of the
molecule.[3] In this figure molecules are shown which contain greater
than two hydrogen atoms and it can be seen that when compared to figure
5.12, these molecules deactivate very rapidly. Such molecules may be
important if they have a high deactivation of the lower laser level without
affecting the upper laser level. The lower laser level should be higher
than the lowest molecular energy, Vmin' state to reduce the effect of
thermal pumping the lower laser level.
Another consideration in the transfer blackboQy pumped laser is the
vibrational energy transfer from the absorbing molecule to the lasant
molecule. This is shown in figure 5.14 which shows the parameters of two
molecular systems CO2 and NzO. Note that CO at 2143 cm- 1 is approximately
resonant with the v 3 modes of CO 2 and NzO. The reaction of vibrationally
excited CO on CO 2 is off resonance by about 206 cm-1 • Thus, it takes a
collision number for transfer of 1580. Alternatively, if vibrationally
excited CO is reacted with N2 0, where the energy off resonance is 80 cm-1 ,
then the collision number is only 40, demonstrating the importance of near
resonant V-V transfer. Also of importance is the necessity for infrared
active states, for instance, in figure 5.14 if vibrationally excited Cs is
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reacted with CO2 the transfer is to an IR inactive state and thus takes a
collision number of 2700. Alternatively, if Cs is reacted with N2 0 the
transfer affects a IR active state (both of these states are identically 13
cm- 1 off resonance) but in this case the collision number is only 26. Thus,
for efficient energy transfer the energy mismatch must be a minimum and the
transfer must be into IR active states. In figure 5.15 is plotted the
vibrational transfer collision number versus the ener~v mismatch of the
states involved in the v-v transfer.[3] The upper figure shows
transfer for hydrogen containing heteronoculear molecules and the lower
figure is for vibrationally excited CO. In general it can be seen that as
the energy mismatch decreases the number of collisions to affect the v-v
transfer substantially decreases. There are several systems that appear
interesting from these diagrams, from an energy transfer standpoint,
vibrationally excited HCl with CO2 ' HCl with CH4, HF with H2S and HF with
CO 2 • Although the mismatch in energy is high with HF the collision number
for V-V transfer is still relatively low. Also CO with N20 or OCt appears
to have a very low collision number for v-v transfer.
One way to evaluate potential blackbody-pumped transfer-laser systems
is to look for resonance betweenheteronuclear diatomic absorbing molecules
and polyatomic lasant molecules. This is shown in figure 5.16 and 5.17
where the energy levels of potential heteronuclear diatomic molecules are
shown on the left and fundamental energies of potential lasant molecules
of varying complexity are plotted on the right. The lines showing
wavelengths are known laser transitions, in general pumped by other infared
lasers. The energy levels are just the fundamental energies for each
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particular molecule; har:nonics and combination bands are not shorm. From
these charts, one can see that the absorbing molecule of highest energy
would be HF. Of these aborbing molecules OH, NH, CH, SH, NS, and SO are
reactive and thus would present some difficulty in using them as the
absorbing molecule. In general vie !,ould like to have a high upper laser
level (see fig. 5.8) with a near resonance with an absorbing molecule for
fast V-V transfer. Also, we would like to have a relatively low lower
laser level which could quickly V-T relax or, through multiple other
levels, V-V its population away. We would like to have a large energy gap
betHeen the uppe\~ and 1m~er 1aser 1evel for the hi ghest quantum effi ci ency
and shortest wavelength. It must be stressed that this chart only shows
the fundamental energy states. With all possible energy states, including
both combination and harmonic levels, the energy level diagram would be
extremely congested. For most all cases, energy transfer involving
fundamental levels proceeds with the highest rate. From figure 5.16 and
5.17 potential systems of interest are CH-H2 S, CO-OCS, CO-C 2H2 , CO-N20,
OH-HCN, HF-H2 0, NH-CH 3X where X is equal to F, Cl, BR, or I •
V. Conclusions
Many molecular systems appear to be potential candidates for transfer
bl ackbody pumpi ng. The V-V and V-T transfer rates are generally unknown
for most of these systems making modeling these systems extremely
difficult. In general for the absorbing molecule we would like a
heteronuclear diatomic which has a V-T relaxation collision number of
approximately 1010 , we ~'1ould need a fundamental vibrational state which is
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IR active and we would like the energy of that fundamental to be between
3000 and 4000 cm-!. For the lasant molecule, the simple polyatomics seem
to be the most appropriate. The energy transfer off resonance should be as
small as possible «200 cm-!) and there should be fevi levels near the
energy resonance with the absorbi ng mol ecul e. Conversely, with the lOrler
1aser 1evel it is advantageous to have many 1eyel s for effecti ve V-V and
V-T depopulation. Studies involving overtones or harmonics should be
investigated. Systems involving HF and OH are chemically reactive, yet
because of thei r hi gh fundamental energy they are st ill of interest as
absorbing molecules. Further research is needed to quickly evaluate
potential absorbing-lasant molecular systems. This potentially could be
done with IR laser excitation, and may become a valuable tool for quickly
diagnosing the potential systems outlined here.
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CHARACTERISTICS OF HETRONUCLEAR MOLECULES
DIPOLE
~10 LECU LE 0·] (cM-l ) r10MENT R (Ct~) y (SEC)0\
(ESU-CM) E RAD
1) CO 2143 2.7 x 10-18 1.13 x 10-8 50 x 10-3
2) IF 603.3 1.95 x 10-18 -8 8.21·9 x 10t1
3) HF 3961.4 1.9 x 10-18 0.92 x 10-8 2.7 x 10-3
4) OH 3569.6 1.667 x 10-18 0.97 x 10-8 4.7 x 10-3
5) NH 3125.6 1.39 x 10-18 1.04 x 10-8 10.2 x 10-3
6) IBR 267.1 0.737 x 10-18 2./t7 x 10-8 1442
10-18 _0 37.3 x 10-37) CH 2732.5 0.88 x 1.12 x 10 0
8) HCt 2885 1.08 x 10-18 -8 33.5 x 10-31.28 x 10
9) HBR 2558.5 0.83 x 10-18 1.41 x 10-8 83.2 x 10-3
10) SH 2591.8 0.758 x 10-U~ 1.35 x 10-8 21.7 x 10-3
~
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Vibrational relaxation data at 300 K for
polyatomic molecules containing no hydrogen atoms
Molecule
"min 13 ZIO 10810Z .0 Reference
(cm- I ) (ns)
CO, 673 6370 53000 4'70 IBO
COS 527 1670 13000 4'12 147
N,O 589 990 7320 3'll6 t~l
C~, 397 727 2950 3"47 1GIl
cr. 437 ,853 2070 3'32 Gil
SF. 344 860 1005 3'02 IB2
CF3CI 356 239 427 2'63 169
IlF3 480 90 380 2'58 35
CF3Br 297 196 316 2'50 169
SO, 519 50" 250 2'40 IIl3
CCI. 218 19 86 1'93 11)4
crCI3 248 40 72 1'86 169
cr,CI, 261 7B 6B l'B3 169
C,CI. 237 57 68 1'll3 11\5
Cr,BrCI 200 so 30 1'4B 169
SiCI. 150 5'9 20 1'30 184
C,N, 226 4'15" 18 1'28 183
CF,Br, 165 29 14 1'15 169
CF.CN 187 3'18" 10 1'0 183
C,F. 190 17 9'6 O'9B 171
GeCI. 134 3'4 8 0'90 18·j
C,':-' 68 28 7 0'85 165
SnCI. 104 2'5 5 0'70 184
C3O, 63 1'0" 3 0'48 33
"values of 13, for molecules showing multiple relaxation
TABLE 3.8.
Vibrational relaxation data (1t 300 K for
Polyatomic molecules containing one hydrogen atom
Molecule
"min 13 2'0 10g,oZ.0 Reference
(cm- I ) (ns)
CHF3 507 479 1230 3'09 169
CHClF, 369 95 191 2'28 169
CHCI3 260 13'5 52 1'72 175
.....
0
CHBrC], 215 9'8 37 1'57 1116
'"CHCI,F 276 25 26 1'42 169
CHBr,CI 168 6'3 20 1'30 186
Fig 5.12
"Vibrational relaxation dota at 300 K for
polyaromic molecules COlltaining ~ 2 hydrogen atoms
Molecule ~nin {J ZIO log,oZ,o Reference(em-I) (ns)
CH. 1306 2030 15160 4-18 lSI
CI1,F 1048 1900 4800 3"68 68
co{:,II. 740 311 990 2-99 68
C,II. 810 391 970 2-99 68
PII, 991 196 890 2-95 167
C,1I.0 685 360 603 2-7/l 168
I
AslI, 905 310 605 ::>-78 131
11 I CH,C1 732 204 575 ..:' 1\,) 169I
.CH. SilI. 914 115 570 2-76 151~ II C,II, 612 n-8 280 2'45 165
I CIl,llr 611 34-3 190 2-20 68I ClI,F, 529 30-0 83 1-92 169I
I CII,! 533 37-0 78 1-89 170I
I C I C,H. CH,CHCI 395 23-0 48 1"68 171
l3
I
c- ,1- 0" /"AsH, • PH,I C.If. 404 29-0· 43 1-63 172
I C,H.O" "CH,CI "SiH. CH,CHF 500 25-0 41 1"61 171I
N I C,H,./ CH,CIlllr 345 24-0 36 I-56 171I CH,:C;CH, 354 5-2 33 I-52 33tJJ I L"CH,BR
.2 I C,H,OH 431 3-5 29 1-46 173
2 f CII,COOC,H. 376 8-5 29 1-46 173I Co~ CH)I CH,CIF 385 10-0 26 ~ • I ') 169I , . • Experimental .....t_I " . values (Table 3_5) CJ-I,COOCH. 303 4-9 15 1-18 173I ;/ I log, C,I-I. 290 15-0· 10 1-0 174 .II ClI,Cl, 283 1-95 ~ 9-6 0-98 175
I ,/'
• NIl, C,H,OH 243 4-0 8 0-90 173/;("I " ClI,ClI ;CH, 177 15-0 6 0-78 174
I " • Cll,CIlCl, 240 5-35 5 0-70 176
I NH, 950 0-74 5 0-70 177I
"00 600 800
1000 1200 1400 C(CH,). 200 4-4 4-2 0-62 178200 400
vnun/cm- I - .. CJ-I,CICH,CI 125 4-25 3 0-48 176
plot for molecules containing .. 2
hydrogen atoms. co{:,HIO 207 1-9 2-6 0-42 178Lambert-Salter noC.lllo 102 1-3 1-6 0-20 178
(noC,H12 88 I-I 0-88 -0 178)
(noC.1I 14 61 1-2 0-66 -0 178)
·values of PI for molecules showing multiple relaxation
Fig 5.13
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LONG RANGE DIPOLE FORCES RESULT IN EFFICIENT V-V TRANSFER
BETWEEN IR ACTIVE STATES WITH SMALL ~E
CO') N20L.
v2(010) 667 C~1-1 I . R• ACTIVE v2(010) 589 I •R• ACTIVE
vI (100) 1388 I . R • INACTIVE v1(100) 1285 I•R· ACTIVE
2v2(020) 1285 I•R· INACTIVE v3(001) 2223 I •R· ACTIVE
v3(001) 2349 I . R· ACTIVE
CO
v = 2143 Ct1 -1
10
Z .. 1580
= 1) + C02(000) ~ CO(v = 0) + C02(001) - 206 cM- 1EtJERGY fCO (v
MATCH
EFFECT CO(v = 1) + th 0(000 ) Z .. 40--. CO(v = 0) + N20(OO1) - 80 c,..,-l
Z = 2700
CS(v = 0) + C02(020) - 13 cM-1I.R. ACTIVEf. CS(v = 1) + C02(000) ~
SPECIES Z = 26 I•R· INACTIVE
EFFECT CS(v = 1) + N20(000) ~ CS(v = 0) + N20(100) - 13 CM- 1
I ·R· ACTIVE
Fig 5.14
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Energy Transfer Mechanisms Between Molecules
W. E. Meador
Space Technology Branch
NASA Langley Research Center
1. Introduction
The ability of liqht-absorbing mo1ecu1~s to transfer their energy to a
second gas (lasant) is one of the keys to solar-pumped blackbody transfer
lasers. Vibrational relaxation of t~e lasing gas is important for
depopulating the lower laser level and maintaininq population inversion.
Therefore, reliable rate coefficients for energy transfer and relaxation
phenomena are needed in order to do the theoretical modeling which is
necessary for accomplishing the following objectives: understanding and
justifying proposed laser systems, determining limitations, identifying
control parameters, and scal i ng to space-power requi rements. t10del i ng wi 11
also establish, to some extent, the criteria to be followed for lasant
sp.1ection.
Lack of knowledge of rate coefficients is invariably the biqqest
obstacle to successful model in!}. The purposes of this presentation are to
discuss existing theoretical methods, identify sources of error, and list
transfer laser criteria suggested by the theo~y. The emphasis is on
vibrational-vibrational (V-V) energy transfer caused by both short-range
(hard collisions) and long-range (dipole-dipole) interactions between
molecules. Special attention is given to the importance of near-resonant
collisional and dipole-dipole transfer. Finally, a technique is proposed
•
113
for perhaps significantly improving the theoretical predictions of rate
coeffi ci ents.
II. V-V Rate Coefficients (Computational Methods)
v-V energy transfer can be represented by the reversible reaction
..
*A + B k *+ A + B + ~E
...
!< I
(1)
where A ann Bare interactin9 molecules, the asterisk superscript denotes
vibrational excitation, k and k' are forward and reverse rate coefficients,
ann ~E is the energy mismatch satisfyinq
* *~E = E(A , B) - E( A, B )
Positive ~E means an exothermic forward reaction, with the excess energy
(2 )
assumed to he converted to transl ati onal1 moti on. Of fundamental importance
to transfer lasers is the dependance of k on ~E.
The rate coeffi ci ent k is gi ven hy _'"
(3)
where cr is the rigid-sphere cross-section, the second factor is
representative of the collision frequency, ~ is the reduced mass, and P is
the transfer probability. The theoretical task is to compute P, which is
known to peak at resonance (~E = 0). As mentioned previously, the decay of
IP with increasing ~E is a prime consideration for lasant selection.
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For purposes of outlining the steps normally followed in computing P,
we consider a hard collision of two diatomic molecules interacting along
the line of their molecular axes. The first step is selectinq an
interaction potential, the simolest being exponential repulsion between
nearest-neighbor atoms of the two molecules. Numerous variations have been
used, including Morse and Lennard-Jones 6-12 potentials. This V(x) is then
converted to V(t) through x(t) found by solving Lagran<:te's equations of
motion. Unfortunately, most authors have followed the lead of Rappl in
1965 and effectively solved these equations for elastic encounters
resulting in a time-symmetrical V(t) symbollically illustrated as follows:
..
Before
Collision
o
Figure 6.1
After
Collision
= V{-t)
t
In actual fact, if 6E > 0 and transfer occurs, v( t > 0) sholll d look
something like the dashed curve V'(t) in order for the receding molecules
to be farther apart at some time t, compared with what they were at the
corresponding time - t before collision, and thereby see a reduced
potential. Repercussions of this failure to conserve energy and a proposed
remedy are di scussed subsequently.
The next step in the determination of k is to use V(t) in time-
115
dependant perturbation theory (Born approximation) to find Pif(v), the
probability that colliding molecules with initial relative velocity v
result in a transition from initial state i to final state f. This
expression, which involves the usual transition matrix elements ev~luated
using linear harmonic oscillator wave functions for the two molecules, is
integrated over the velocity distribution to yield the transition
probability for collisions along the molecular axes. Finally, steric
factors of the form <cos2 e> are introduced for generalization to other
impact geometries and to give the P(T, ~E, \l) appearing in Eq. (3).
What are the sources of error implicit in such calculations and how
serious are they? Four can be identified immediately: (1) choice of the
form of V(x); (2) choice of parameters in V(x); (3) failure to conserve
energy by using t-symmetrical V(t); (4) use of steric factors to generalize
collisional geometries. Whether steric factors can be used in this manner
is certainly subject to question. The alternative, of course, is to deduce
quantum mechanical potential energy surfaces with as many dimensions as
necessary to completely define the geometry, and then to apply absolute
reaction rate theory. Such a procedure is extremely difficult for complex
molecules, but is surely needed for bench-marking the use of steric
factors. There are theories and there are theories, and the ones currently
being used may simply be too naive. That something is wrong is
dramatically illustrated in comparisons2 of calculated and experimental
transition cross-sections, the ratios being sometimes as large as three and
four orders of magnitude.
Nevertheless, and even though existing calculations of absolute rate
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coefficients are generally unreliable, the relative magnitudes are useful
for rating V-V channels, comparing proposed transfer lasers, and
establishing trends with regard to variation of key parameters. These will
be discussed in subsequent sections.
III. Detailed Balance
The first and most important result of using at-symmetrical V(t) in
perturbation theory for finding transition nrobabilities is
k = k ' (4)
That is, P(T, flE,~} = P(T, -liE, ~), which makes sense only for 6E = O. In
particular, the detailed balance relation
k'v.- = exp(-6E/kT)
is not, satisfied for non-resonant transfer.
(5 )
Although previous authors2 have recognized this deficiency, I see no
evi dence that any of them have traced it hack to the fail ure to conserve
energy. Equation (5) should come automatically fro~ the theory. What they
do, instead, is achieve detailed balance by arbitrarily adding the factor
exp(aflE/kT) to k and the factor exp[-(l-a)flE/kT] to k l , with 0.5 being the
most common val ue of a. Thi s is by no means sati sfactory. In the fi rst
place, it is certainly not evident that the bad physics can be so
corrected. Secondly, analysis of the integration over the velocity
distribution (especially with recognition of the nonzero lower integration
limit in the endothermic direction of the reaction) stronqly suggests that
a = 0 would be by far the best choice.
...
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IV. Proposed Correction
In consequence of the preceding discussion, it would seem that the
very least one should do in calculating reliable rate coefficients is to
impose energy conservation and satisfy detailed balance. This means using
the double-valued V(t) shown in figure 6.1, with appropriate weights for
V(t>O) and V1(t>O) according to whether transfer does or does not occur•
In particular, the perturbation potential should be written
(1 - Pif ) V(t) + Pif V1(t)
if it can be ascertained that transfer predominantly occurs at minimum
intermolecular separation.
That the calculations will be significantly more complex is
immediately obvious. The unknown Pif appears in the perturbation and so
requires a cornparatively lengthy numerical iteration procedure for
solution. We have developed the method and are currently writing the
computer code. Comparison of the results vlith existing theories should
answer the questions of hO\~ important strict energy conservation really is
and whether differences between experimental and theoret i cal transfer
cross-sections can be significantly reduced by this correction alone.
Meanwhile, we continue the present discourse with discussion of the
results and predictions of existing theories as they pertain to selection
of transfer lasant materials.
V. Identification of Key Parameters in Transfer Lasers
As mentioned in the Introduction, there are short-range and long-range
interactions betHeen molecular vibrators and either or both can cause V-V
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transfer. For example, dipole-dipole forces create initial-final state
coupling because molecular charge distributions change with nuclear
coordinates. In general, it is found that long-range forces dominate
transfer for small ~E, but decrease faster than the influence of direct
collisions with increasing ~E. The short-range influence takes over for ~E
~ 250 em-I. I know of no theory that includes both effects
simultaneously in the perturbation, Hhi ch it shoul d for many transfer
reactions.
Apart from these differences in magnitude, most of the theoretical
predictions shm'l the same general trends in k vlith variations of key
parameters (excepting temperature), regardless of the type of interaction
potential. These trends are listed as follows;
(1) Multiple quantum transitions are somewhat forbidden, constituting
almost a selection rule. Squares of transition matrix elements
decrease by about two orders of magnitude for every quantum
transfer exceeding unity.
(2) V-V transfer is usually very rapid compared with V-translational
because of greater initial-final state coupling through the
perturbation potential. This often leaves vibrational excitation
concentrated in a few particular levels, which is detrimental to
lasing because only the ground state likely remains below the
upper laser level and cannot be depopulated to maintain an
inversion.
..
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We need at least a tri-level system, with the upper level being
relatively metastable to vibrational relaxation. An excellant
example is transfer to the 001 (asymmetric stretching) mode of
CO 2 , which has the 100 (symmetric stretching) and 010 (bending)
modes between it and the ground state.
(3) The transfer probability P falls off by roughly a factor of 10 for
each 100 cm- 1 of energy mismatch. As near resonance as possible
is obviously the place to be for transfer lasers. However, this
calculated rate of decay might be changed dramatically with a more
accurate model. I expect it to be more rapid for both exothermic
and endothermic transfer (i.e. a much narrower bandwidth than
currently predicted).
(4) The transfer probability P increases with increasing temperature
for hard collisions, but goes like T- 1 for long-range dipole-
dipole interactions. The latter dependence follows from the
longer interaction times at the lower temperatures.
(5) Energy transfer is most effective when
11 . t t' t' -1 1/26E - 1n erac 10n 1me - <v> - ~
That is, P versus ~1/2 goes through a maximum corresponding to
this condition.
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(6) Whereas the resonance value of P is usually S 10-3 for collisions,
it can approach and even exceed unity for dipole-dipole
interactions. The latter is possible because long-range forces
can resul t in effective transfer cross-secti ons 1arger than the
geometrical rlimensions of the molecule. A
VI. V-V Enerqy Transfer in Polyatomics
T~e theory for interacting polyatomics is a straightforward
extension of that for diatoms and yields the same general trends discussed
previously. The main difference is that collisions may induce enerqy
transfer among all of the vibrational degrees of freedom of both
oscillators. r~any tyoes are possible, including intramolecular V-V
transfer, intermolecular V-V transfer, and vibrational energy sharing.
Examples involving single-quantum transfer are
and
..
respectively.
Because of the multiplicity of modes in large polyatomics and the
resulting large number of vibrational relaxations, which are therefore
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quite rapid, such molecules as a class are not very promising candidates
for the lasing gas. We cannot have a rapid decay to the lowest excited
state because there would be no way to depopulate the ground state as the
lower laser level. It would seem that linear and perhaps planar molecules,
with their fewer degrees of freedom, would be the types to consider as
potential lasants. However, they would have to be at least triatomics to
permit single-quantum transfer and simultaneously have the lower laser
level above the ground state.
Another difficulty with large polyatomics is the virtual
impossibility of unraveling relaxation channels. There are few, if any,
unambiguous experimental rate constants, even for triatomics, although
theory does provide some useful guides: (I) v-v is most efficient for
small ~E and when the net number of quantum number changes is smallest, (2)
individual processes with small ~E are usually available, (3) V-V»
V-translational, and (4) V-translational and rotational usually proceed
through the lower lying vibrational state because V-V often yields
vibrational excitation concentrated in a few particular levels.
VII. Criteria for Blackboqy Transfer Lasants
These may be summarized as follows from the foregoing discussion:
(I) Small polyatomics, preferably linear or planar, for the lasing
gas, but at least triatomic. Dipole-dipole interactions should
exist for efficient transfer of energy from the absorbers.
(2) Near-resonant energy transfer from the light-absorbing gas to the
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lasing gas, provided not too many quantum number changes are
required.
(3) ~E positive in forward transfer reaction to maximize rate
coeffi ci ent.
(4) "Metastable" upper laser level for inversion, at least with
respect to radiative and V-V decay; good V-V relaxation of lower
laser level. Might not do better than CO2 •
(5) Good absorber of blackbody radiation at 1500-2000 o K; excited state
sufficiently long-lived to transport to lasing gas located outside
of cavity and at room temperdt!jre.
VIII. Suggested Procedure
(1) Use criteria in section VII to select potential absorbers and
lasants.
(2) Use laser pumping of potential candidates to aid in this
selection.
(3) Seek rate coefficients in literature for modeling of final
candidates.
(4) If rate coefficients cannot be found, and they probably will not
be, investigate possibilities of experimental determination.
(5) Should experimental determination not be feasible, consider
theory. As it stands, theory is useful for relative rates, but
probably not for absolute rates. It is useful for selecting
..
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reasonable relaxation channels. Perhaps the changes proposed in
section IV will improve the situation; if not, we should not
ignore the possibility of a university grant for developing
rigorous quantum mechanical methods.
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Lasers excited by blackbody radiation are _of interest for power
beaming applications in Space. In such a system sunlight is collected and
focused into a blackbody cavity, heating it to approximately 200QoK. An
appropriate absorbing molecule is vibrationally heated but not
translationally heated when passed through the blackbody cavity. The
vibrationally excited gas is then mixed with a lasant resulting in laser
emission. This paper calculates the number density of CO(u=1,2) molecules
within a blackbody radiation field of a given temperature and pressure.
Such calculations show the degree of excitation achievable, under ideal
conditions, from blackbody pumping.
Carbon Inonoxide (CO) gas in the ground state is introduced into an
ideal blackbody cavity. Radiant energy is absorbed by the ground state
exciting it into higher vibrational levels. Once in the higher levels,
processes such as vibrational to vibrational (V-V), vibrational to
translational (V-T), and radiative decay tend to depopulate the upper
levels. After a sufficient period of time, steady state conditions are
attained.
The CO in ground state, CO(O), is assumed to be at 300 o K, while the
blackbody temperature is assumed to be between 1500-2000 o K. The pressure
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of the eO(O) can be varied from 1 to 104 torr. It is also assumed that the
only molecular levels of importance are CO(O), CO(I) and CO(2). Figure 7.1
shows an energy level diagram, indicating the dominant kinetic process
involved.
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Figure 7.1 Energy Level Diagram for Molecular Levels of CO
II. Calculation of the Absorption Cross Sections
The absorbtion cross section for any material in a radi ant fl ux is
gi ven by
..
2A.. A
C1 •• =
lJ g(v) (1)lJ 8n
where Ai j is the Einstein coefficient associated with the trans it ion from
1evel i to 1evel j, A is the associated wavelength of the trans it ion and
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g(v) is the lineshape including broadening effects. If we assume
Av
g(v) =
i •e. g( v) is a Lorentz di st ri but ion, where Vo is the peak frequency.
Furthermore, assume v .. vo, i.e. very small broadening effects.
We see that g(v) reduces to
g(v) = _2_
"IT Av
substituting into (1) we get
(2 )
(3)
o ..lJ
')
= Aij A'-
4"IT 2!:J.v
(4)
III. Rate Equation for Absorbtion and Relaxation
Consider now the ground state CO(O) when first introduced into the
blackbody cavity. Radiant energy is absorbed by CO(O) which then raises it
to CO(1) and CO(2). It is assumed to be a step function of fixed intensity
at t = o. The number of CO(O) leaving, i.e. absorbing energy, is equal to
where (j>(voj) is the flux of photon at frequency Voj, 00j is-the
absorption cross section, and !:J.v the absorption bandwidth.
Since the radiant field is due to the blackbody we see that
(5 )
•
( 2"IT<l> v) Av = 2"
A 1.44
e-rf -1
(6 )
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and hence (5) reduces to
where
(7)
S ..lJ
A..
_ lJ
- 2'IT
1
1.44
I~
e lJ -1
(8 )
Since we require conservation of mass, the formation rates for CO(l) and
CO(2) are
IV. Molecular Kinetics
(11 )
Upon combining V-v and V-T losses to equations 9, 10, and 11, vie get
the complete system which model the rate of production and loss of CO(O),
CO(1) and CO(2).
+ ~ KT. NCO (!)NCO (l)J J 1 J (12)
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dNCO(l) _
dt - SOl NCO(O) - S12 NCO(1) + 2KV20NCO(2)NCO(0)
- 2KV11NCO(1)NCO(1) - 4KT'lNCO(j)NCO(l)
J J
(13)
V. Steady State Solutions
Numeri cal methods may be employed to generate the steady state
solution to 12, 13, and 14, hmvever, by inspection a much quicker \lay is
possible.
Notice that the coefficients KV'S and KT'S are at least 10 orders
of magnitude smaller than either the Einstein coefficients /\ij'S or the
absorbtion coefficients Sij'S (see table 7.1). We can sec that
eliminating them from 12, 13, and 14 will do no harm provided that the
cross terms
are small. This assumption turns out to be true for CO.
Now upon setting 12, 13, and 14 equal to zero and eliminating the KV
and KT terms we obtai n
".
(15)
(16)
o = S20 NeO(0) + S21 NeO(1) - A21 NeO (2) - A20 NeO (2)
By (8) for 2000 0 K
SlO = 1.45
S21 = 2.74
S20 = .01
upon substitution of these values of Sij and Atj into (15)-(17) (see
Table 7.1) we get
o = -1.46NeO (0) + 33.4NeO (1) + .9NeO (2)
o = 1.45NeO (O) - 36.14NeO (1) + 62NeO (2)
o = .OlNeO (O) + 2.74NeO (1) - 62.9NeO (2)
From the conservation of species we get
Neo (1 )N < .1
eO(O) -
and
N
eO(2) < .01
NCO(O) -
Numerical solution of 12, 13, and 14 yield
Neo (1) ".N .04
, CO(O)
and
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(17)
(18)
(19 )
(20 )
(21)
(22)
(23)
(24)
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Time dependent numerical solutions of 12, 13, and 14 are shown in
figures 7.2, 7.3, and 7.4. After approximately 10 msec the density
approaches steady-state values. Figure 7.5 shows the CO(v = 1) density as
a function of CO pressure for blackbody temperatures of 1500 to 200QoK.
VI. Conclusions
As shm-m in figure 7.4 steady-state CO(1) densities of 5 x 1011 per
cm3 can be obtai ned by bl ackbody pumpi ng at 2000 oK. The energy storage at
such densities is 0.0215 joules/cm3 • If the CO had a volume of 1000 cm3
and was transferred to a lasant within 10 msec, lasing on the order of 2 kW
would be achieved.
It was al so found that bl ackbody pumpi n9 the second harmon; c, CO (2) ,
is much less efficient than the fundamental. The CO(2) density is
approximately 100 less than CO(I).
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Table 7.1.- CO parameters.
AlO = 33.4 see-
1 {I]
A20 = 0.9 see-
1 [lJ
-1A21 = 62.0 sec [lJ
KVl1 = 2.57 (10-
12 ) em3/see [2]
..
KV20 = 2.14 (10-
12 ) em 3/see [2J
KT01 = 1.94 (10-
20 ) em3/see [2]
KT11 = 1.94 (10-
20 ) em3/see [2]
KT21 = 1. 94
(10 -20) em3/see [2]
KT02 = 2.48
(10 -20) em3/see [2J
KT12 = 2.48 (10-
20 ) em3/see [2J
KT22 = 2.48 (10-
20 ) em3/see [2J
SlO (2000 0 K) -1= 1.45 sec
S21 (2000 0 K)
-1
= 2.74 sec
S20 (2000 0 K)
-1
= .01 sec
A10 = 4.67 (10-4) em
•
A20 = 2.35 (10 -4) em
A21 = 4.72 (10-4) em
"
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A METHOD FOR ANALYSIS OF BLACKBODY DIATOMIC-TRIATOMIC LASERS
J. W. Wilson, K. Y. Chen, L. Arriola,
and J. H. Heinbockel
NASA Langley Research Center
Hampton, Virginia
A formalism is developed for analysis of performance of direct
blackbody and blackbody transfer lasers. Application to the CO/C02 system
is made•
We treat three cases:
1. Photoexcited triatomic laser
2. Photoexcited diatomic-triatomic laser
3. Photoexcited diatomic mixing triatomic laser
Each will be treated in a transverse flow geometry as illustrated in
figure 8.1.
Case 1: Photoexcited Triatomic Laser
The triatomic molecule has three vibration modes denoted by T(vl' V2,
V3) where Vl is quantum number of symmetric stretch, V2 of bending mode and
v3 is for asymmetric stretch. The modes are approximately harmonic
oscillator modes with allowed transitions as ~V = ±1. Only the lowest
vibrational level of each mode is significantly excited by a radiation
source•
The V3 mode is weakly coupled to Vl and V2 levels. The Vl and 2V2 are
strongly mixed due to Fermi resonance in C02. The laser transition is
taken as T(001)+T(100) corresponding to the 10.6 ~ line in C02. The
present model assumes a C02 1ike behavi or.
The photoexcitation rate is
00
S = J cr(v) ~T(v) dv
a
where cr(v) is the absorption cross section and ~T is a blackbody source
flux at temperature T (exposure on one side and no attenuation in gas).
This is approximated by
where va is the band center, ~v the bandwidth and
where A is the spontaneous transition rate and
A = c/va a
with
_ 21T dv
<PT(v) -"0 ehv / kT _1
a
so that
We denote T(OOO) as To, T(OOl) as Tu and T(100) as TL and write
•Tu = S T - a TU 0 u u
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I
<XT = kd To
-1 I
<XL = T = kd ToL L
with kinetic coefficients given in table 8.1. The above equations can be
solved for a steady light source as
-<X t
T (t) = S TOT [l-e u]
u u u
The maximum density for the upper level is
The excitation efficiency is given as the ratio
where SuTot is the number of photons absorbed by the gas. The
equations for the lower level are
The maximum extractable energy is
and the laser energy storage efficiency is
where Vt is the frequency of the laser transition.
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First note that there is no inversion if aL < au. In fact, aL»au
is a requirement to obtain adequate gain. One may rev/rite as
n(t)
for which the energy storage efficiency approaches (v~/va) at t ~ a and
0.63 (v~/va) at t ~ TU' which results in about 25 percent efficiency
for CO2 as is observed experimentally. The fraction of storable energy is
and rises from a at t = a to 0.63 (1 - aT/aL) at topt ~ TU.
In terms of a flo~'ling system a design in which pumping occurs over a
peri od t ~ TU before reachi n9 the output rni rrors woul d result ina
reasonably high inversion Hithout great sacrifice in efficiency.
Clearly the system parameters are to be chosen such that
This gives
so that gas requirements are
•141
which are clearly satisfied by CO2 when
The maximum density achievable for the upper level is
and is independent of the pressure range of ordinary operation above a few
torr.
The fraction of maximum storable laser energy is shown in figure 8.2
along with the laser storage efficiency. The maximum storable laser energy
is shown in figure 8.3 where the pressure independence above a few torr is
cl early shown.
Case 2: Photoexcited Diatomic-triatomic Laser
The triatomic molecule of case 1 is now mixed with a diatomic molecule
that has its first vibrational level in near resonance with the upper laser
level. The rate equation for the first excited level of the diatomic
molecules is
where
-1
aD = TO
I
where kT, kT are V-T transfer rate coeffi ci ents and kV is the v-v
transfer rate coefficient. The triatomic equations have added terms
•
Tu = SuTo + <Xv 01 - <Xu Tu
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•
\ = aTTu - aLTL
-1
a = TU U
The kinetic coefficients are given in table 8.1.
We first consider the steady state solution. In steady-state, we find
avT = (S T + - S D ) T
UUSS U 0 aD 0 0
The steady state inversion density is then
The maximum gain is achieved when
Noting that steady state is generally an inefficient mode of excitation we
now consider the transient solution.
•
The transient solution is given as
143
-a t
L
u
(l-e u)
We first take av ~ aD as optimum. To insure a large inversion
Using these requirements we get
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Clearly av ~ aD»au will give large values to Tu(t). Maximizing
the upper level in time obtains
where to is the time at which Tu is maximum.
Simil arly,
Finally, the inversion density is (t>TD,TL)
aD aT -a t
'" (T1nax + DSS -) (1 - -) (1 - e u)au aL
There seems to be no critical dependence on the relative magnitudes of aL
and aD. There is a slight advantage of choosing aL»aD in the term
•
So the final requirement is
..
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although the requirement aL»aD is not critical. The above
requirements lead to
which are easily achieved for the CO/C02 system.
The time dependence of the fraction of maximum storable laser energy
and storage efficiency are shown in figure 8.4. The maximum storable laser
energy is shown in figure 8.5. There seems to be no real advantage in mix-
ing the two gases. Although the photoabsorption rate is increased by the
CO, the limited storage factor seems to be the relatively short lifetime of
the upper laser level and the added CO gas even reduces it somewhat.
Case 3: Photoexcited Diatomic Mixing Triatomic Laser
(A) Energy storage in a diatomic gas
Neglecting the overlap of the wings of the rotational lines in
absorpt ion, the absorpt i on rate is
where T is the photoexcitation source temperature (~ 2000 0 K), Aa is the
absorption wavelength (em) and AD is the Eienstein A coefficient.
Assumi ng the gas does not heat up from room temperature and that hi gher
levels than the first vibration are negligible
adequately define the kinetics so long as 01«00' The density of
excited states is then
where
-1
a =T =kO +A_
o 0 T 0 'U
The maximum number of excited states that can be achieved is
which is a function of 00 and is largest when kTOo»AO for which
But an optimum pressure is indicated here as
The effi ci ency of energy storage is
while the fraction of energy stored is
-a t
F(t) = D1(t)/Dmax = (1 - eO)
We see that there is a tradeoff between storage efficiency and stored
density. A good compromise is probably
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•
t = To
•..
(B) Mixing with triatomic gas
The diatomic gas is removed from the excitation region with an
excitation level 01 and mixed with a triatomic gas. The upper laser
1eve] is
av -ant -a t
T (t) = 01[e - e u]
U au - aD
and the lower laser level is
147
a - aL U
where 01 is the value at the time mixing occurs. Suppose aL»au so
'lIe only worry about maximizing Tu(t)
is stationary at
at "'hi ch ti me
and can be approximated as
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Clearly the maximum occurs at aD I'll av»au.
In this event
is on the order of the optimum mixing time before lasing.
Again
as requirements for an optimum system.
The fraction of maximum storable laser energy and the energy storage
efficiency are shown as a function of time in figure 8.6. The optimum time
of energy extraction is somewhat less than TU in this case. The maximum
storable energy is shown in figure 8.7. We first note that the optimum CO
to CO2 mi xi ng rat i os is about 9 : 1. Note a1so the much higher exc itat ion
levels achievable (nearly 2 orders of magnitude). This is because
is quite large.
Conclusions
The present formalism gives a basis for intercomparison of various
diatomic/triatomic lasant mixtures in three laser configurations. It is
seen from the present analysis that the mixing laser configuration has many
advantages in that CO can achieve high excitation densities so that high
power can be achieved on a relatively small scale.
•
..
•Table 8.1.- CO/C02 parameters*
Au 425 sec-1
Su 16.9 sec-1
I
cm3/secKd 1E-14
I
cm3/secKd 4E-13L
AD 33.4 sec-1
SD 1.33 sec-1
Kd 6.E-15 cm
3/sec
Kd 5.7E-12 cm
3/sec
L
KV 5. lE-14 cm
3/sec
KT 2.8E-19 cm
3/sec
I
cm3/secKT 5.7E-18
*Data is from E. W. f4cDaniel et. al., Compilation of Data Relevant to
Nuclear Pumped Lasers, volume IV, Technical Report H-78-1, Redstone
Arsenal, Dec. 1978.
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Report from the Cavity-Laser Workinq Group
Edmund J. Conway
Space Technology Branch
NASA Langley Research Center
From the Workshop, a Cavity-Laser Working Group was formed with the
attendees listed in tahle 9.1. The goal of this Cavity-Laser Working Group
was to propose molecules which might be useful as lasants for blackbody
cavity-lasers. The approach was to (a) define some rules for the
identification of molecules, (b) consider molecules presented at the
Workshop and (c) identifY additional molecules through the suggestions of
attendeAs. Some evaluation was to be attempted for each molecule
considered.
A set of criteria was developed, however, sophisticated rules required
detailed information which was not available for every molecule. The rules
were:
1. The lasants should be polyatomic gases, generally with more than
two atoms per molecule, permitting the lower laser level (LLL) to be above
the ground state.
2. The molecule should be heteronuclear so that vibrational (V)
transitions could lead to absorption of infrared (IR) radiation.
3. The physical structure of the molecule should be simple because
simple molecules have the fewest vibrational modes which may divide or
dissipate excitation energy. Linear molecules are the most desirable,
planar are second, and non-planar molecules are third most desirable.
4. Generally, the first vibrational frequency (w ={kim) of any mode
is the most important. A calculation was discussed which showed that the
IR absorption of the lowest harmonic was lower by more than a factor of 10
than that of the fundamental frequency.
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5. Molecules providing a broad absorption band are desired. A broad
absorption band means broader than that of C02~ such as gas with two or
more broadened and intercommunicating vibrational lines.
6. The absorption line should be at a shorter wavelength than the 4.3
}.1m absorption of CO2 to take greater advantage of the intense blackbody
fluxes occurring in the 1 to 3 }.1m range.
7. The laser emission should be shorter than 10.6 }.1m to provide
higher quantum efficiency than CO 2 •
8. The lower laser level (LLL) should be higher than that of CO2 to
limit the temperature sensitivity of laser emission.
Most of the potential lasant molecules mentioned during the Workshop
presentations were identified by K. Y. Chen and R. De Young. A list of 36
are contained~ with fundamental energy levels, in figures 5.16 and 5.17 of
this report. An additional 16 were chosen by attendees primarily because
they were gases or liquids with substantial vapor pressure at 300o K, and
they exhibit relatively simple molecular structures, i.e. linear, planar,
etc.
Some evaluation was attempted in table 9.2 for each molecule
considered. The areas of evaluation were expected infrared absorption of
the molecule~ expected laser emission and general characteristics. These
were areas of lIexpectedll behavior because the only data used was that
mentioned in the paragraph above. Generally, comparisons were made. For
example~ if IR absorption is IInarrow strong, at X}.Im n then the highest
energy fundamental absorption is similar to that of CO 2 but at a wavelength
of X }.1m. Comments on whether likely lower laser levels (LLL) could or
could not be populated by IR absorption were included.
...
..
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Laser emission wavelength, if known, was listed along with likely
temperature sensitivity as compared to that of C02. If laser wavelength
was unknown, the wavelength for a transition from a high energy level to
one or more lower levels was estimated. The terminology "unknown, Y ~m
possible" denotes unobserved laser transitions which would make this
molecule a useful bllickbody cavity lasant.
Comments on General Characteristics fell into three classes. First
was a subjective rating of the likelihood that the molecule would be a
useful blackbody cavity lasant. The likelihood ratings were Very Good,
Good, Fair, and Poor. For some cases, the rating was replaced with the
letters MDN (meani ng More Detai 1 Needed).
The second class of comments suggest which molecules should be
investigated more thoroughly. These were labeled, High Priority. The last
class of general comments specified the molecular structure as Linear,
Planar or Non-Planar.
Molecules which are rated as High Priority candidates for cavity
lasants include H20, NH 3 , CH 4 , BeH 2 , Be(CH3 h, BH 3 and B(OHh. In
approximately the order shown, these molecules deserve broader
consi deration, further 1i terature search and more experimental work •
Table 9.1
Attendees at Cavity Laser Working Group
C. Blount, Texas Christian University
P. Brockman, Laser Systems and Measurements Branch, FED
W. Christiansen, University of Washington
E. Conway, Space Technology Branch, SSD
W. Harries, Old Dominion University
D. Humes, Space Technology Branch, SSD
J. Jones, Virginia Commonwealth University
M. Lee, Hampton University
G. Miner, Space Technology Branch, SSD
D. Phillips, Materials Characterization Instrumentation Section, IRD
J. Quagliano, Virginia Commonwealth University
L. Stock, Hampton University
w. Weaver, Space Technology Branch, SSD
L. Vallarino, Virginia Commonwealth University
L. Zapata, Miami University
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EVALUATIVE COMMENTS FOR POTENTIAL CAVITY LASANTS
MOLECULE IR ABSORPTION LA SERE ('.11 SS ION GENERAL
CO 2 · NARROW STRONG~ AT 4.3 ~M · AT 10.6 ~M~ STRONG~TEMP· VERY GOOD LINEAR MOL·
·
LLL IR INACTIVE SENSITIVE
·
BB PUMPING ACHIEVED
Des
·
NARROW STRONG~ NEAR 5 ~M
·
AT 8.3 ~M~ TEMP· SENSITIVE FA I R LINEAR MOL·
·
LLL IR ACTIVE
·
STRONG Des QUENCH I NG
·
LASER PUMPING~ 19% EFFICIENT
e5 2 · NARROW STRONG~ NEAR 6.5 ~M · AT 11.5 ~M~ STRONGLY POOR LINEAR MOL·
·
LLL IR INACTIVE TEMP· SENSITIVE
HeN • NARROW STRONG~ NEAR 3. 5 ~M
·
AT 8. 5 ~M~ NOT THERMALLY ,GOOD LINEAR MOL·
·
2LLLs IR ACTIVE SENSITIVE
·
AT 3.85 ~M~ THERMALLY SENSe
·
LASES LASER-PUMPED
H2 S • STRONG VIB DOUBLET NEAR · UNKNOWN~ 7.0 ~f'1 POSSIBLE FAIR PLANAR MOL·
3. 8 ~M
·
EMPTYING OF LLL MAY BE SLOW
• LLL POP· BY IR ABS·
N2 0 · STRONG NARROW~ NEAR 4. 5 ~ f'1 • AT 10·8 ~M~ THERMAL GOOD LINEAR MOL·
·
LLL POP· BY IR ABS· SENSITIVITY EQUAL TO e02
·
BB PUMPING ACHIEVED
TABLE 9.2
......
0\
......
~10LECULE IR ABSORPTION LASER EMISSION GENERAL
N0 2 · STRONG NARROW" NEAR 6.2 ~M • UNKNOWN" 11.5 ~M POSSIBLE POOR PLANAR MOL·
·
LLL POP· BY IR ABS· • TEMPERATURE SENSITIVE
Noel
·
STRONG NARROW" NEAR 5.6 ~M
·
UNKNOWN" G. 9 ~M POSSIBLE POOR PLANAR MOL·
·
LLL POP· BY IR ABS·
· "2 & "3 THERNALLY POP·
NOF
·
STRONG NARROW" NEAR 5.5 ~M • UNKNOWN" 7. 5 ~M POSS I BLE POOR PLANAR MOL·
· "2 & "3 POP· BY IR ABS· · "2 &"3 THERf1ALL Y POP· ,
"-
It r·
Two AT 7 ~M" GOOD PLANARHZU · ABS· LINES BETWEEN · FROM OVERTONES OF MOL·
-
2·6 ~M AND 2.8 ~M "2 HIGH PRIORITY
· "2 POP· BY IR ABS· · UNKNOWN" 4· 9 ~M POSSIBLE
·
2"2 WEAK ABS· NEAR 3.1 ~M
S02 • STRONG NARROW" NEAR 7. 3 ~M • UNKNOWN" 11. 8 ~M POSSIBLE POOR PLANAR NOL·
· "1 & "2 POP· BY IR ABS· · "2 TH1P· SENSITIVE
(2 Hz • STRONG NARROW" NEAR 3.0 ~M • AT 8 ~M" "2 TO "5 GOOD LINEAR MOL·
• "5 POP· BY IR ABS· THERMALLY SENSITIVE
·
OTHERS UNKNOWN" BUT 6·1 ~M
AND 3.0 ~M POSSIBLE
TABLE 9,2(cONTINUED) .....
0'\
N
f1QLECULE
C2 N2
•
IR ABSORPTION
• STRONG NARROW~ NEAR 4.6 ~M
• v 5 POP· BY IR AB S •
LASER EMISSION
• UNKNOWN~ 6.2 ~M POSSIBLE FAIR
• SOf1E POSSIBLE LLL IR
INACTIVE BUT VERY THERMALLY
SENSITIVE
GENERAL
LINEAR MOL·
NH 3 • STRONG DOUBLET BETWEEN
2.9 ~M AND 3.0 ~M
• V2 &V~ POP. BY IR ABS.
• AT 6.7 l1M~ ULL AND LLL
UNKNOWN
• UNKNOWN~ BUT 4· 7 ~f'1 AND
AND 3·4 ~f'1 POSSIBLE
Goo D~ I NT ERE STIN G LA SER
WAVELENGTHS
HIGH PRIORITY
NON-PLANAR MOL·
• STRONG DOUBLET BETWEEN
3.9 ~M AND 4.1 ~M
• V2 &V~ POP· BY IR ABS·
• STRON G AB S· NEAR 9· 6 ~ f'1
• UNKNOWN~ BUT 6.5 ~M AND
4·8 ~M POSSIBLE
• As TEMP· SENSITIVE AS CO 2
• UNKNOWN~ 14.5 ~f'1 POSSIBLE
• MUCH MORE TEMP· SENSITIVE
THAN CO2
FA I R
POOR NON-PLANAR MOL·
• STRONG DOUBLET NEAR 4.3 ~M
• V2 &V~ pop. BY IR ABS.
• UNKNOWN~ 6.0 ~M POSSIBLE
• TEMP. SENSITIVITY SIMILAR
TO C02
• GOOD TRANSFER FROf1 LLL
Goo D~ I NT ERE STIN G LA SER
WAVELENGTH
NON-PLANAR f·WL·
-
0'1
W
• STRONG DOUBLET NEAR 11.3 ~M • UNKNOWN~ 12.2 ~M POSSIBLE
• V2 &v~ POP. BY IR ABS. • v 2 &v~ THERMALLY POP·
TABLE 9.2 (CONTINUED)
POOR NON-PLANAR MOL·
MOLECULE
COF 2
IR ABSORPTION
• STRONG NARROW~ NEAR 5.1 PM
• v2 THRU v 6 POP· BY IR ABS
LASER EMISSION
• UNKNOWN~ 7.4 PM POSSIBLE
• V2 THRU Vs THERMALLY POP·
POOR
GENERAL
PLANAR MOL·
· STRONG DOUBLET BETWEEN · UNKNOWN~ 6.2 P~1 POSSIBLE FA I R
3.5 pM AND 3.6 pM
·
LESS TEr1P· SENSITIVE THAN
·
v2~ v3~ vs~ v 6 POP· BY CO 2
IR ABS·
·
GOOD TRANSFER FROM LLL
PLANAR MOL·
COHF • STRONG NARROW~ NEAR 3.4 pM • UNKNOWN~ 8.7 TO 4.3 pM
• V2 THRU V6 POP· BY IR ABS· POSSIBLE
• v3 THRU v 6 THERMALLY
SENSITIVE
• v2 LESS TEMP· SENSITIVE
THAN CO2 LLL
FA I R PLANAR MOL·
COHN • STRONG NARROW~ NEAR 2.8 pM
• v 2 THRU V 6 POP· BY IR AB S •
• UNKNOWN~ BUT 8.0 TO 3.4 pM
POSSIBLE
• v2 &v 3 LESS TEMPERATURE
SENSITIVE THAN CO2 LLL
• GOOD TRAN SFE R FROM LLL
FA I R PLANAR MOL·
• STRONG NARROW~ NEAR 3.3 PM
• vI & v 2 NOT POP· BY IR ABS·
• UNKNOWN J BUT 6.7 AND 5.8 pM GOOD NON-PLANAR MOL·
POSSIBLE HIGH PRIORITY
• vI J V 2 & v 4 LESS TEMP·
SENSITIVE THAN CO2 LLL
TABLE 9.2 (CONTINUED)
f10LECULE IR ABSORPTION LASER EMISSION GENERAL
Cf4 0 STRONG NARROH ... NEAR 7. 8 ~M · UNKNOWN ... 11. 6 ~ M POSSIBLE POOR NON-PLANAR MOL·
·
vI & v 2 NOT POP. BY IR ABS· · ALL MODES TEMp· SENSITIVE
CHF g 0 STRONG NARROW ... NEAR 7. 3 ~M 0 UNKNO~'1N ... BUT 6.0 TO 4·0 ~r-l FAIR NON-PLANAR MOL·
0 ALL MODES IR ACT I VE
·
v2 ... v g ... Vs & v 6 MORE TEMP·
SENSITIVE THAN CO2 LLL
CF gCL
·
STRONG NARRO~: ... NEAR 8. 2 ~r-1 0 UNKNOWN ... 11.5 ~~1 POSSIBLE POOR NON-PLANAR MOL·
ALL MODES IR ACT I VE STRONGLY
.
·
0 TE~1 P• SENSITIVE
CHgF
· STRONG DOUBLET ... NEAR 3. 3 ~M · UNKNOWN ... BUT 6.7 TO 5. 2 ~M FA I R NON-PLANAR MOL·
0 ALL MODES IR ACT I VE POSSIBLE
0 v2 & V s LESS TEMPERATURE
SENSITIVE THAN CO2 LLL
.
CHgCL 0 STRONG DOUBLET ... NEAR 3. 3 ~M · UNKNOWN ... BUT 6.6 TO 4·4 ~ r1 FA I R NON-PLANAR MOL·
·
ALL MODES IR ACTI VE POSSIBLE
·
Vs & v 2 LESS TEMPERATURE
SENSITIVE THAN CO2 LLL
CHgBR
·
STRONG DOUBLET ... NEAR 3. 3 ~M
·
UNKNOWN ... BUT 6.6 TO 4.2 ~ t1 FA I R NON-PLANAR MOL·
·
ALL MODES IR ACTIVE POSSIBLE
0 Vs LESS TEMP· SENSITIVE
THAN CO2 LLL
TABLE 9.2 (CONTINUED)
MOLECULE IR ABSORPTION LASER EMISSION GENERAL
CH 3 I - STRONG DOUBLET,} NEAR 3.3 llfl · UNKNOWN,} BUT 6.6 TO 4·1 llM FA I R NON- PLANAR f·10L·
·
ALL MODES IR ACTIVE POSSIBLE
·
Vs LESS TEMP· SENSITIVE
THAN CO2 LLL
SIH 4 · STRONG DOUBLET,} NEAR 4.5 llN · AT 7.95 llM,} LASER-PUMPED GOOD t40N - PLANAR NOL-
-
VI & v 2 NOT IR ACTIVE · v 2 &v 4 f10RE TH1PERATURE
SENSITIVE THAN CO2 LLL.
SIF 4 - STRONG NARROW,} NEAR 9.6 111'1 · UNKNOWN,} 13.1 111"1 POSSIBLE POOR NON-PLANAR MOL-
·
ALL f10DES TEMPERATURE
SENSITIVE
C2 H4 - STRONG DOUBLET,} NEAR 3.2 llM · UNKNOWN,} BUT 6.7 TO 4.4 llM - FA I R,} COMPLEX V SPECTRUM
·
NANY MODES NOT IR ACTIVE POSSIBLE
·
INTERESTING LASER
·
SEVERAL NODES NOT STRONGLY ~~AVELENGTHS
TENP· SENSITIVE
·
V-V IN ULL AND LLL NON-PLANAR MOL-
C2 F2 H2 - STRONG NARROW,} NEAR 3.2 llM · UNKNOWN ,} BUT 7.5 TO 3.8 II ~1 • FAIR,} COMPLEX V SPECTRUM
·
NANY NODES NOT IR ACTIVE POSSIBLE
·
INTERESTING LASER
·
SEVERAL MODES NOT STRONGLY WAVELENGTHS
TENP· SENSITIVE
·
V-V IN ULL AND LLL NON-PLANAR MOL-
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·
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·
ALL MODES TEMPERATURE
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CO • STRONG NARROvl" AT 4.7 ~M
·
KNOWN GOOD LINEAR MOL·
·
REQUIRES LOW TEMPERATURE
OPERATION
NAK ~1DN LINEAR MOL·
NALI ~1DN LINEAR MOL·
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HIGH PRIORITY
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TABLE 9.2 CCONTINUED)
......
0'1
00
169
Report from the Transfer-Laser Working Group
W. E. Meador
Space Technology Branch
NASA Langley Research Center
Light-absorbing molecules and lasing molecules were discussed with
regard to satisfying the following criteria for_blackbody transfer lasers:
(1) Good absorbers of blackbody radiation at 1500-2000o K, with the
excited states sufficiently long-lived to permit transport to a
laser cavity where the lasing gas is injected at room temperature
and subsequently mixed with the absorbing gas.
(2) Near resonant energy transfer from the absorbing gas to the
lasant, provided not too many quantum number changes are required.
(3) Dipole-dipole interactions for most efficient energy transfer.
(4) Exothermic forward transfer reaction (not critical).
'(5) Polyatomic lasant molecules with at least two (preferably
three) fundamental vibrational modes to ensure one or more states
between the upper laser level and the ground state. The ground
state cannot be used as the lower laser level because it cannot be
depopulated to maintain inversion.
(6) Polyatomic lasant molecules should not be so large or so complex
that fast V-V relaxation occurs, through a multitude of channels,
to the first excited state. Linear or planar triatomics (eg, CO2 )
or effective triatomics (eg, CO-Hg-Cl) may be the best choice.
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(7) "Metastable" upper laser level for maintaining inversion, at least
with respect to radiative and V-V decay.
(8) Fast v-v into the upper laser level and out of the lower laser
level.
(9) Lasing wavelength less than 10.6 pm.
Possible combinations of absorbers and lasants satisfying these
criteria were discussed, starting with molecules compiled by Chen and
DeYoung (fig. 4.19(a)-(e)) and compared according to possible near-resonant
energy transfers. About half of the proposed absorbers were eliminated on
the basis of instability and chemical reactivity. The more promising of
those remaining include CO, N2, HF, OF, HC1, and SHe
Potential lasants are more difficult to evaluate, although a number of
candidates were mentioned (most of them rejected). Survivors include C02,
OCS, CS2 , HCN, N20, H20, and more complex molecules like CO-Hg-Cl, which
behaves vibrationally much like C02. Dyes were discussed but rejected
because of short excited-state lifetimes. Halogen lasants were originally
rejected, but subsequently reinstated as candidates because of the
possibility of rapid V-V relaxation into the upper laser level from nearby
levels and rapid v-V relaxation out of the lower laser level. This
illustrates the point that not all of the above criteria are hard and fast,
but should be used rather as guides in selection of molecules.
It was further concluded that since theory does have limitations in
lasant selection, especially the types of theory currently available, an
experimental laser pumped program should be initiated as a tool in lasant
)i
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evaluation. A broad range of absorber-lasant combinations can be quickly
studied in this manner.
Perhaps the most valuable aspect of the Transfer-Laser Working Group,
and the workshop as a whole, is the fact that a number of scientists with a
broad range of relevant expertise were brought together to discuss the
problems of transfer lasers and to suggest solutions. Indeed, valuable
recommendations were made throughout the two-day event. Even more
importantly, contacts were made with other groups at Langley and with
university professors that hold great promise of future cooperation and
fruitful ideas. Key people are now aware of the significance and scope of
our blackbody laser program.
Workshop Participants
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